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apstrac®: | 4 

An experiment using the focusing properties of a nonuniform 
axlally symmetric magnetic field to study large angle (9 > a2" 
scattering of ions from atoms and molecules is described. The 
scattering cell is placed on the magnetic field axis and all ions 
in the momentum interval lapl at |p| scattered into a conical shell 
AQ at 9 are counted by a Rox placed further down the axis. The 
solid angle is increased by a factor of several hundred over con- 
ventional scattering techniques of comparable angular resolution. 
The magnetic vector potential and the trajectory equation for a 
charged particle in the field are derived. The computer program 
which solves the trajectory equation is given along with a detailed 
description of the apparatus. Our measurements of the absolute 
differential scattering cross sections for Li’ on He from 36° to 
i. 7 meme 00" eV ana 300 eV and for fee on He from Lo? to 54° at 
300 eV and 400 ev demonstrate the feasibility of the technique. 
Using the measured cross sections for Li’ on He and the computa- 
tional method of Firsov we have calculated the interatomic poten- 


tial function for nuclear separations of 0.158 to 1.14. 
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CHAPTER I 
INTRODUCTION 
In recent years the techniques for measuring differential 

scattering cross sections for various atomic and molecular pro- 
cesses have been improved to the point where very precise mea- 
surements can be made in an almost routine manner. In the con- 
ventional approach a target of Ny particles is confined within a 
Surrounding vacuum. A well collimated beam of nearly monoener - 
getic ions of current I. is projected into the target. A de- 
tector, subtending a solid angle dQ (9) = Sin 9 dO d# at the 
interaction region, is placed at an angle 9 to the incident ion 
beam and the number of particles entering the detector ,. No» is 
measured. The scattered particles are usually @e vateSdae a 
current where I_ = Nd Q(0). From these measured quantities, the 
differential scattering cross section in the laboratory coordinate 
system can be calculated as 


do(0) = I_/I,N,dQ(0). 


However, in order to obtain reasonably good angular resolution, 
the solid angle includes only about 1° of the available 360° of 
azimuthal angle @ ate which 10ns scatter. This restriction re- 
sults in fairly small solid angles of about 1074 Ssteradians, 
which sets a lower limit of around 10 an” on observable labora- 
tory differential scattering cross sections. By modifying the 
techniques of thin magnetic lens B-ray spectroscopy, we have con- 
structed an experimental apparatus which collects essentially all 


ions scattered intoa 360° cone dQ wide at 9. The solid angle in 


this apparatus is about 300 times larger than that of other methods, 


del 


allowing us to observe differential scattering at laboratory 
angles greater than 32 degrees and cross sections substantially 
smaller than any previously measured. 

The apparatus, shown schematically in Figure 1, was devel- 
oped to make use of the focusing properties of an axially sym- 
metric nonuniform magnetic field. The scattering cell exit slit 
is open 200" of the aximuthal angle, allowing ions of a given p 
and @ but scattered at most any azimuthal angle to be focused 
at the detector by the magnetic field. Both the magnet current 
and the distance between the scattering cell and detector are 
variable. Various combinations of the magnet current and the 
detector distance make a wide range of reactions observable with 
the apparatus. The details of the apparatus are discussed in 
Chaptér’ LIT 

The differential equation for the trajectory of a charged 
particle in a nonuniform axially symmetric magnetic field and 
the magnetic vector potential for this field are developed in 
Chapter. II. The trajectory equation is numerically integrated 
to give the values of the magnetic field and detector position 
necessary to observe charged particles scattered at various angles 
and energies. The solid angle is calculated from the computed 
trajectories and is a function of the angle of scatter, the en- 
ergy of the scattered ion, the magnetic field, and the detector 
distance. This calculation is discussed in detail in Chapter II. 

The elastic differential scattering cross sections for He 
on He at 300 eV from Lo° to a, and for He on He at 400 eV from 


42° to 5a. were measured using this method and the results are in 
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essential agreement with measurements of Lorents and Aber th who 
‘used a standard technique. The elastic differential scattering 
cross sections measured for Cm on He at 200 eV and 300 eV from 
34° to 7s also compared favorably to extrapolated values of 
cross sections measured at smaller angles by other investigators”. 
These experimental results are given in Chapter IV. 

Finally, the elastic differential scattering cross section 
for Crust on He measured by our method, along with data taken at 
smaller angles by other workers, was used to calculate the ion- 
atom potential function for this system using a method developed. 
by Firsov-. This calculation is discussed in Chapter V. 

Based on these results we conclude that the feasibility of 
the technique has been established and its usefulness in obtaining 


new data has been demonstrated. 
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CHAPTER II 
KINEMATICS OF CHARGED PARTICLES IN A NONUNIFORM 
AXTALLY SYMMETRIC MAGNETIC FIELD 

In this chapter the equation of motion of a charged particle 
in a uniform magnetic field is solved to show the explicit re- 
lation among the following three variables: the vector momentum 
of the ion, P, the magnetic field, B, and Zo) the distance from 
the origin at which a detector must be placed to observe the ion. 
The expression for the solid angle is obtained in closed form 
and its dependence on the various parameters is shown. 

The orbit equation for the axially symmetric nonuniform 
magnetic field is then derived along with the expression for the 
magnetic vector potential, which is part of the orbit equation. 
Expressions for the angular and energy resolution are found and 
these results are used to find the solid angle. The dependence 
of the solid angle on the various parameters is shown and dis- 
cussed. 

Finally, an experimental method of simulating a particle 
trajectory in a magnetic field using a flexible, current carrying 
wire is described. The results of these measurements were used 
for preliminary design considerations and are compared to the 
orbits which were obtained by numerical integration of the tra- 
jectory equation. 

1. MOTION OF A CHARGED PARTICLE IN A UNIFORM MAGNETIC FIELD 

A longitudinal type homogeneous magnetic field spectrometer 
has commonly been used in the analysis of — spectra in nuclear 
ol 


physics The theory of motion of a charged particle ina 


a5 


uniform magnetic field was originally published by susan? in e926, 
upon which the technique was based. 

The trajectory of a charged particle in a uniform field is a 
helix, where the particle, after one complete revolution of period 
T, will focus again on the axis from which it originated. As seen 
in Figure 2, the distance Zs) at which the ion returns to the Z 
axis, depends on the momentum, p, the angle, 9, and the magnetic 
field, B. The relationship between these quantities can be derived 
as follows; 


— 
Let p = vector momentum of an ion at the origin 


of the coordinate system at t = 0 


and q = charge of ion. 


The magnetic field is described by 


= A A 
= 3 a a 
B B By od B z 


il 
O 


where Be — 25 B = constant. 
d z 


The boundary conditions seen from Figure 2 are; 


ait wit Oeeet =«O eZtutuO , —Peesep ucose5, Paw =a Sin 9, 


Z 


and at t eae © wiceaiZe- 


O 


In order to get the relation Zz, = f(p,9,B) we must integrate 
the force equation, F = qv x B, and apply the boundary conditions 
at t = 0, and t = T. hus 

F=qvxB, 
and in component form 


2 2 
3 dt dg = = dg 
E =m 7 (2 | =q VB. = eet (SE )p, (1) 
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Integrating (3) and applying the boundary conditions at t = 0 


gives 
m <2 = constant = p cos ® 
Z = | (p/m) cos 0 | os (4) 


From (2), upon multiplying by r and integrating 


2 
.., Pa wae 2GeaN |". dr 
a 2x ($ )(E)> 7 2 ~ -ax (SE), 





m —  @ dg = “aE, a (x7 
at dt on at ) 
¢ 
-QqB 
dd _ 2 5 i 
— > on constant = k. (5) 


Now using (5) in (1) gives 


Zz 
Cer Z 
m—> - mrk = -qrk B. 


dt 


2 
2Emk 


So = + rk* = 0 
dt 
which has the solution 
niet 7 eet 
= + p 
r C, C, 
From the @initiaieseoanditions at t = 0 
Cc, = -C, =p sin Q/2ikm 


in 2 
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giving 


a5. 
i= — Siairamlet:, (6) 


Now eliminating t from equations (4) and (6) gives 


pet eel Oo (as ) 


km p cos 0 = 


and at t = T, this reduces to 


7 B= 2 7 P_cos_ 9 7 
5B 2 (7) 


Therefore, a detector at Z, with a field B. will "see"! a particle 
of charge q scattered with momentum p at an angle @ with the z 
axis. Notice that there are two ways to observe different 

p cos 9 values: (1) hold B. constant and change Zo by moving the 
detector, (2) f1x the detector at a particular value of Zz, and 
vary Boe Thus a knowledge of equation (7) allows one to position 
a detector to collect all ions within a given momentum interval 

| ap| at |p| Scattered into a conical shell A@ at 0. In order to 
make observations, then, one would simply choose the values of 

p cos 0 to be observed, solve the equation for various values of 
Zz, and Bo that will allow them to be seen, and set the detector 
and field accordingly. 

The solid angle in a spectrometer having azimuthal symmetry 
depends on 9 and p as follows: recall that dQ = 21 sin 9 dO 
where we have integrated over d@. An expression for dO can be 
obtained by differentiating equation (7) as follows: 


» (eet 


= |— Q 
Zo aE | pcos 


and since B. = constant, then 
qB 


Zz ; 
aad - QO dO 
qZ OT (cos QO dp p sin d ) 


1 


qB,, az 


_ __9p 
one a= p tan 9 2p sin 9 
However , 
"2 m,? 

p = (2mE)°“ or dp = (sR) dE 
giving 

Aone dE 2 gB, Ze, 

2E tan 0 


oe 
211(2mE)* sin 0 


Using this the solid angle is expressed as 


L 
Pm? 
_ 7 CGoseS q B. 
ag = (— see) dE - mE qZo° (3) 


Therefore, as seen from equation (8) the solid angle depends on 
the angle of scatter, 9, the trajectory intercept spread, dz,» 
allowed by the detector, and the energy of the scattered ion, E. 

As an example, consider the elastic collision He on He 
where 9 = 505. E = 300 eV, dE = 5 eV, SS = 200 gauss, and 
dz. = - 3mm. Then dQ = 0,056 steradians, a value typical of ' 
solid angles for the nonuniform magnetic field apparatus actually 
used. 

2. ANALOGUE MEASUREMENT OF ORBITS 

Prior to obtaining any numerical solutions for the orbit 
equation, the technique of simulating the orbit of a charged 
particle in a magnetic field using a current carrying flexible 
wire’was employed to obtain preliminary design information on the 
Various experimental parameters. 

The experiment, carried out by ee 1s based on the fact 
that a current carrying wire consists of charged particles moving 


with some velocity along the wire, causing the wire to experience 


a v X B force in a magnetic field, the same type of force charged 


particles encounter. 
20 ; 


Consider a small length, ds, of flexible wire carrying a 


Curment, 1, and under a tension, Ty in a mafgmetic f1e8q) 


m 


x 


= particle charge 


mass/length 
current 
= tension 


—+ 

+ 
AlyHre3g Oye 

tH 


tangent 


3 
I 


particle momentum 


= unit vector along 


= radius of curvature 


unit vector along normal 


Then since the system is in equilibrium the sum of the forces is 


zero, giving 


. = = d — = 
MaSséT X Be -.F aa - mg ds = O 


from which the curvature of the wire is shown to be 


bjs! 
43 | 


G x B) - 


HI: 


(1) 


To get the path of a charged particle ina magnetic field, recall 


that = 

d _) — 

<= Gav XueB) 
but tr = R =~ and ds = vdt, for constant welocity, v. 

p V 

a ee 

Therefore ‘ame = YR Ge 3 a(t XiB)i 
however a i 

ds - 


and the curvature of path of a charged particle is 


mea Je 
op er EB). 


aa 


(2) 


Therefore the wire and particle paths will coincide when 


5 | 


= (7 <5) - Son & BR). (3) 


Now for our case the magnetic force is usually 100 times the 


gravitational force, hence the gravitational term can be neg- 


lected and equation (3) reduces to 


— 
oer (4) 


Thus when equation (4) is satisfied it allows the simulation of 
charged particle trajectories by a current carrying wire under 
tension. 

The experimental arrangement used to make the wire orbit 
measurements is shown in Figure 3. An uninsulated wire con- 
sisting of 14 strands of number 44 copper wire weighing 0.24 
grams/meter was used. Currents of up to 4.5 amps could be 
passed through the wire, however at the higher currents the 
wire oxidized and became less flexible. The tension in the 
wire was normally 1000 dynes and was measured by a modified 
ammeter movement which was calibrated against a set of weights. 
This method was chosen over the usual pulley arrangement since 
the frictional effects in the pulley could not be sufficiently 
reduced. The departure angle, 9, was measured to an accuracy of 
+ 30 minutes of arc by reading the longitudal position of a copper 
sleeve at the instant it made electrical contact with the wire. 
The measured departure angle was then corrected to account for the 
curvature of the wire between the teflon ball and the copper 


sleeve. 
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For a given magnetic field and distance Zo the current 
through the wire was gradually increased until the desired de- 
parture angle was obtained. Then the tension and the current were 
measured giving the momentum (for an assumed charge) which the wire 
trajectory represented. The shape of each trajectory was obtained 
by measuring r as a function of Z. Thirty seven different tra- 
jectories were measured and tabulated in reference 7 which also 
includes a detailed discussion of the method. 

A comparison of these measurements with the computed tra- 
jectories showed that the measured maximum r values were about 
17% larger than the calculated maximum r values and the measured 
Zo values were about 8% larger than the calculated Z values. The 
natural stiffness of the wire is believed to be the primary cause 
of the discrepancy. A comparison of the wire orbit and the calcu- 
lated trajectories is shown in Figure 4 for an H, ion with a de- 
parture angle of 48.17 degrees and scattered energy of 243 eV. 

3. MAGNETIC VECTOR POTENTIAL 

The trajectory equation has as one of its parameters the 
magnetic vector potential. Therefore, the measured field of the 
magnet must be related to this quantity before the orbits can be 
found. The well known expansion of A in terms of the field is 
found by following the development used originally by nase 

Since there are no currents in the region of interest 

Vv x B = O 
and, consequently 


— 


x (Vv x A, = 0 


al 
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1S the equation to solve. Now 
— sae = —> —- — Zz 
V x (V Ay "Vier Beery 84 (1) 
, A —> — 
and recalling that = Jo 6 only, then A = ie eT dv 
is 
A 
requires that A = AP and B. = A, = 0. Also, since cylindrical 
symmetry exists, Ay lSs\nofamcunction of 9. Thus ,in cylindrical 


coordinates, (r,%,z), equation (1) becomes 


2 Zz 
JA 3 
sx7 Yr ar 12 yo" 











£0. (2) 
Now assume a solution 
co 
Ag(t 52) a A, Zz) 2p a (2) 9 


then 
OA n-1 


=o 2 ne eee 
axr n 


oY) 
OLS 
i 
M4 
3 
3 
i 
a 
wp 
= 
- 
J 


oY 
> 
I 
M4 
rk 
SS 





Substituting into equation (2) gives 
a - aa 9 
uy n(n-1l)ar" +S nage eS ar" See a. rR Oo 


- 1 
u& [> n(n-1) + n-1] a “ib yee x = 0 


du (n-1)(n+1) ar? “4 a x = 0, 


Each coefficient must be zero and shifting indices in the second 


term gives oo By ie 
& (n+1)(n-L)a eo ea ‘i = 0, 
n=O nN n= 
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and for 


pa) 
i} 


on -1(a,) (a= =O 


arbitrary function of z 


\ 
© 
w 

i 


a = Ws O 
n= (a,) 


tf 
ne 2: + ~ + =a) 
(n+1)(n L)a, an-2 


The recurrence relation for the coefficients is 
tf 


-a 
y n-2 
a = 


n (aide ra) 


and since ag = O, there are only add n terms in the solution. 


The general term is 


wen 
+ 
Baas haat 
This gives 
2k+t+ 
fe 2) ‘ (%) a2) 
, _ ki(kerly?! % 1 
or 
3 5 
eee es 


A(x ,z) = ae - om ee 1 192 tee 


Now to evaluate the coefficient a,(Z) recall from B =V x A 


and the field symmetry that 


q 6 
we onary) _ Gt gee a a oe 
~~ & Ox = 5 ae line 192 : 
3 5 
a DT Cer 
= 2a, - ha, 5 + 6a, 133 * ; 


ae 1 a 
but B(x = 0) = 2a, giving a,(z) = - es (x = 0). 


This gives 


2n 
co n 2n+1 6°” B (r=0) 
Me42)= 2. —-—— . (3) 
DB naee Cee yen 
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Therefore, by knowing BL(Z) <0 we also know Ag(%5z); the quantity 
used to solve the orbit equation. The actual measurements were 


‘ t : ; 
fitted toa l2 a order polynomial’? ine s@ch that 


B(zZ) =@e¢cgZ : (4) 


With this expression for BL(2)s the field values were repro- 
ducible to within 0.1% of the experimentally measured values. 

Now uSing these expressions for Ag(= 52) and B_(z) in the 
computer program one can calculate the trajectory of a particular 
p/q value for a selected magnetic field. 

4. ORBIT EQUATION IN A NONUNIFORM FIELD 

The thin lens spectrometer with its axially symmetric non- 
uniform field was chosen for this apparatus. It more easily 
produces the large field required to bend ions and it gives more 
spread in the intercept distances, allowing greater resolution. 
The equation of motion for a charged particle in an axially synm- 
metric nonuniform magnetic field and the subsequent employment 
of this field geometry as a B-ray spectrometer has been discussed 
by several RtnoHS a. Our derivation of the trajectory equation 
essentially follows that of ait@en and was first applied to our 
particular problem by Gagiianc’”. 

An axially symmetric magnetic field can be represented by 
the curl of the magnetic vector potential having only an azimuthal 
component, Ag (see previous section). The motion of a charged 


particle in such a field is governed by the equation 


F = qv xWB = gv x X AR 
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In cylindrical coordinates, (r, %, z), the force components are: 





2 » ( a) 
d 
ry oad *Cas y1 i= (1) 
2 OA 
= dr \ /d@ Eye dz g 
BO m 2 (\&) 2 = ( Ns 
t 
(2) 
, 1 ar 26FAg) 
xr dt ax , 
2 OA 
Z daz. dg @ 
oe Eee ee ee ” 


Now multiplying equation (2) by xr and using the relation 


d dz a dr a 
—= 
dt dé dz dt ar (4) 
gives 
ie 20k - 5 Stag) 
at - dt q dt 
or 
d 2 ag 
>. ae = 
me [ mx a 64 Ag i. 0. 
Therefore 
2 dP _ 
mr at + @ x Ags = constant of the motion, 
or 
dg 
—— + = . 
mr st q Ag constant/r 
At xr = O the left hand side is zero requiring that the constant 


be zero. Thus 


of =-gq Ag/mr « @) 
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Now substituting (5) into equations (1) and (3) gives 


2 JA 





d ee A 
a at) lee Th Ag Or 

2 JA 
fe(™ ae) = ® el aeu 


Upon rearranging the derivatives in these two equations one obtains 


nh dr = a F A °Ag = a d°x | 2 [oe et d a) ] 

ae Uae mi 30 Gore Be) ee? = ae de , 
and 

ED ec =. c 

fe ge) yas “ge (eee Be 1- 


They can now be combined into the one equation 


2 3 2 
2 ee Ag 0A 





dz qr dx a. ic a > 
mae ae eer ber Agia let Te Op war ~ Or. (©) 
dz 4 
The term (ae is eliminated using the vector velocity relationship, 


equation (4), and equation (5), as follows: 








> dr A d@ A dz A 
Ye B + ae 2 
or 
ee ie oh 
at dt dt 
and substituting gives 
2 
dz = 2 
(S) =[v- mV A 1 + 1. 
dz a 
Now replacing (<7) in equation (6) leads to the desired trajectory 
equation 
Z 
as 
e 3A 3 
dz Z Z dr B Ag 
K - A - — + A = 0, 
[ BD \tae |" o wae | * {Ge (7) 
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Therefore one must choose the value of p/q to be used and know 
the relation for A = £(Bi +252) developed in the previous section 
in order to integrate the trajectory equation. 

The trajectories were calculated by numerical methods on the 
available computer. The integration routine, originally written 
by ounce: , used a fourth order Runge-Kutta method. However, 
it was rewritten for the IBM 360-67 computer using the Hamming's 
modified predictor-corrector method which is the DHPGC subroutine 
of the IBM System/360 Scientific Subroutine Package. The com- 
plete computer program is listed in Appendix IV. Figure 5 shows 
a set of trajectories calculated on the computer for 2. = 2ONe 
where the energy of the incident Li ion was 100 eV. As in the 
case of the uniform magnetic field there are two methods of de- 
tecting particles scattered at different angles: (1) by moving 
the detector and keeping the focusing magnet current at a specific 
value; (2) by keeping the distance between the scattering cell and 
the detector fixed while varying the current through the focusing 
magnet coil. Both methods were used and acceptable results were 
obtained from each method. 

5. ANGULAR AND ENERGY RESOLUTION 

As is shown in the diagram (Figure 6), our experimental 
arrangement for measuring differential scattering cross sections, 
do (9), as a function of scattering angle allows a spread of 
angles AQ at 9 to be admitted by the detector. Therefore there 
is some angular spread associated with every measurement which 
causes an uncertainty in the value of do (90) obtained from the 
measurement. It is seen from the sketch (Figure 6) that the 


angular spread depends on the size of AZ.» whose value is determined 
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by the detector apertures and 9. Thus, AQ can be calculated from 
the relation between AQ and AZo This relation is obtained from 


z= £(E,9,B,R',Z',C) (1) 


= energy of the incident ion 

angle of scatter 

Magnetic field = f(1I);I = coil current 
target displacement from system axis 

target displacement from system center 

= a constant for each reaction including mass 
ratios, inelastic energy losses, etc. 


where 


ONDW OW 
i 


The coil current is constant during a given measurement ‘making 


dI = O, therefore 


as -(3£) ax = 0, 
Alt 


Also, for a given reaction, C is a constant which makes dC = 0. 


Thus differentiating (1) leads to 


OZ. 3Z 8Z | 3Z 

d = —— ee i v inne t 

Zz, ac i 50 dO+ shi GR’ + ail dz 
ORsZ EZ! EQZ! EOR' 


Solving for the angular spread we get 





aZ AZ WA 
AQ aQ Oo fe) Oo 
do =(—= j= Zo i4. | ae 
xz dz. 52. = EA ae a Ae , az'| (2) 
ER*Z* ER*z't BER'Z* BQz° EGR : 


The values of the various quantities in the expression for 
the angular resolution must be calculated for each and every cross 
section that 1s measured. However as shown by example in Appendix 
I the terms arising from the energy spread and the finite target 
size increase dQ by less than 10% for ion beam energy spreads 


less than 0.5 eV. Therefore the angular resolution is 


_[ 20 
dO (22) qZ (3 ) 
oO B = 
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when the terms containing dE, dR‘, and dZ* are ignored. 

The second quantity of interest is the spread in energies, 
dE a: that particles scattered at 9 may have and still be detected. 
As can be seen from Figure 6, this quantity depends upon AQ at 9 
and also upon the energy of the incident ion, E, and the reaction 


parameter C. Therefore 


BE. = EL (E,0,C) 


and upon differentiating 


dE 


Ss OB. 
qE -\=-— dE +\——— do. 
S OE 0 a0 "I 


If one considers only elastic processes, where the incident ion 


of mass m interacts with a target of mass M, then, due to the 


uel 
conservation of energy and momentum , 


mM? - We + aaa ogee + 2m cos Q du? = 2 + *. aa 


ee eee 





Ss (M A m)7 
Using this 
OE ‘ 
—— = E /E 
OE 0 . 
and 
dE -2m E Sin 9 
Ss 7 Ss 
ag 4 
2 . - Ae + im ese 
giving 
Be 2m E. Sin QO 
dB = = dE -{|/ -—_— | do . (5) 
Q 
Mo ~ Fact + a Cae 10 


E 
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Using equations (3) and (5) one can evaluate the angular resolution 
for a particular cross section. As an example, for the reaction 

O 
Oat on He at 300 eV, I = 13.0 amps, dE = 0..25.eV and @ Se39e 


one obtains 


go = 6.38 
and 


dE 34/79 "ev 


which are representative values of the reactions that were 
observed. 
6. SOLID ANGLE 
The major advantage of this method of measuring differential 
Scattering cross sections is the greatly enhanced solid angle 
obtained by collecting all particles scattered into a conical 


shell d@ at 9. The solid angle for this system is 


GQe= 26 4@in 0 Ge. 


As can be seen from Figure 6 all the particles scattered-at 9 

must cross the axis in AZ at Zo in order to be detected. This 

AZ os then, ae dQ9 at 9 and, consequently, the value of 

the solid angle at 9. In the discussion of the angular resolution 


the expression 
a9 
Q9=/{=—— 
E 


was obtained. This is the relation used to calculate the solid 


angle. Thus 


dQ (0) = 211 Sin © ss dz ‘ 
fas 
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However only 290° of the available 360° of the axial angle were 
open because of the way the scattering cell is constructed (see 
Chapter IIT, Secti@n 5, for @ fulbleexplanation). Correcting fer 
this and expressing 90 /8Z, in degrees/centimeters, the solid angle 
expression is written 
dQ(9) = 0.0873 sin 0 a dz, steradians. 
O 


E 


This expression must of course be evaluated for every trajectory 
to be measured since it depends not only on the angle of scatter, 
Q, but also on AZ, and the derivative (90/8Z.).- All of these 
quantities depend upon the particular ion trajectory considered. 
Some representative values of the solid angle as a function 
of 9 at various focusing magnet currents are shown in Figure 7. 
These curves are for the reaction Sgt oy ene at 100 eV incident 
ion beam energy. Notice the dependence of the solid angle on the 
angle of scatter and the focusing magnet current (magnetic field). 
When the magnet current is held constant the intercept distance 
changes for each angle of scatter cauSing the solid angle to vary. 


These values at the solid angle are typical for all reactions 


observed. 
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CHAPTER III 
EXPERIMENTAL APPARATUS 
1. VACUUM SYSTEM 

The vacuum shell shown in Figure 8 consists of. aluminum 
cans with neoprene O-rings at the connecting flanges, feed 
throughs, and end plates. 

Two six-inch diffusion pumps Bee used to maintain the 
vacuum. A National Research Corporation Model VHS6 diffusion 
pump having a 2400 liter per second pumping speed is connected 
to the detector end of the system. Water cooled baffles anda 
liquid nitrogen cold trap are located between the detector chamber 
and the diffusion pump. The forepump 1s a CENCO HYVAC fe Me enan- 
ical pump with a 280 liter per minute capacity. <A stacked half- 
moon baffle is placed in the foreline to reduce backstreaming 
from the forepump. At the opposite end of the system, where the 
10n source and the mass analyser are located, a Dresser Model 
DPD-6 diffusion pump is utilized. The Dresser pump has an 1800 
liter per second pumping speed and is connected to a Welch Duo- 
Seal forepump. Water eee baffles and liquid nitrogen trap are 
installed between the diffusion pump and the mass analyser chamber, 
Dow Corning 704 diffusion pump oil is used in both diffusion pumps. 
This arrangement provides ultimate pressures of 2.0 x 107/ Morr 
in the detector chamber, and 1.0 x aia Torr in the ion source 
chamber. With gas in the scattering cell at a pressure of 


3 


AO xo" Torr the pumps maintain the detector chamber at 


2 


: =6 
2-0 x 10 ~ Torr and the mass analyser chamber at 4.0 x 10 -~° Torr. 


These pressures are low enough to insure that reactions outside 


22 





19 
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the scattering cell are negligible. Tests also showed that the 
pressure in the detector chamber is low enough to, eliminate any 
pressure effects on the electron multiplier which served as the 
detector for the scattered particles. 
2. ION SOURCES 

In order to generate the ion beams used in the differential 
scattering cross section measurements, two different types of ion 
sources were used: Lithium ions were produced by a thermal emitter ; 
helium and hydrogen ions by an electron impact source. The per- 
tinent facts for both types of sources are reported here while a 
more detailed account of our developmental work on the electron 
impact source is presented in Appendix VI. 
Lithium Ion Source 

The lithium ion source used was essentially the source de- 
scribed by deans and ReaW@e and is shown in Figures 9 and 10. 
It is a thermal emitter consisting of a very porous mage 
matrix into which the minerals beta-eucryptite (Li,0°A1, 0, 
or spodumene (Li,0°A1,0,°4Si0,) have been fused. The lithium 


°2$10,) 


ions are produced when the tungsten matrix is heated to tem- 
peratures in excess of 1100°%c by a separate filament (see Figure 
10), The emitter was enclosed ina heat shield to keep filament 
power requirements low. The shielded emitter was mounted on a 
8-1/2 inch diameter stainless steel flange using a stainless steel 
mounting. In front of the emitter was an extraction electrode 

and a three electrode einzel lens. To extract the ion beam, the 
emitter, shield, and filament were placed at a potential corre- 


sponding to the desired beam energy. The filament power was 
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Figure 9. Schematic of the Lithium [Ion Source. 
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Figure 10, Lithium Ion Source Emitter Detail. 
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adjusted for an emitter temperature of about lL 7O%e which was 

found to be an optimum operating point. The effect of the emitter 
temperature on the total ion emission is shown in Figure ll. The 
extraction grid was grounded producing a beam of the desired energy. 
The einzel lens apertures were 1.4 centimeters in diameter and the 
lenses were 1.4 centimeters apart. The center lens was 4.0 centi- 
meters from the extraction electrode. These dimensions were ob- 
tained from the einzel lens relations given in Appendix VI and 


7 


produced ion beams up to 1.0 x 10 “ amps in the scattering cell 
when the emitter was operated at optimum output. The ion beam ob- 
tained from the source was found to have an energy spread of no 
more than 0.5 eV in the energy range 15 to 800 ev. 

This type of ion source has several advantages over plasma 
type sources: simplicity of operation, small gas load on the systen, 
stable and highly monoenergetic beams of high purity. The major 
drawback of course is a limited number of species which canbe 
produced by this technique. 

Electron Impact™ion Source 

This ion source is one of a large family of sources which 
produces 1o0n beams by creating a plasma in the appropriate gas 
and extracting ions from the plasma by externally applied elec- 
trostatic fields. In the particular source shown in Figure 12, 
the plasma is produced by electron bombardment of the low pres- 
sure gas. Electrons, emitted from the filament, accelerated 
radially outward through the concentric grid and decelerated as 


they approach the cylindrical walls, oscillate between the fila- 


ment and the wall until they are collected on the grid. The 
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Figure 11. Lithium Ion Source Emission Curve. 
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Figure 12. Electron Impact Ion Source. 


plasma forms between the grid and filament and the ions are ex- 
tracted axially from it. To produce an ion beam, source gas is 
introduced into the source can at a rate that will maintain a 
pressure of about 1 x 10°? Torr within the source. The potentials 
are set at the desired ion beam energy and the filament power is 
increased until enough electrons (usually about 90 ma) are pro- 
duced to maintain the discharge. The grid is usually 100 volts 
above the common can and filament potentials. An einzel lens 
placed directly in front of the extraction hole helps produce 

ion beams up to 3.0 x i078 amps in the scattering cell. Our 
measurements indicate a rather large energy spread of about 8 eV 
although other workers using the same source have reported energy 
spread as low as .5 ev. 

The source is fairly easy to operate and maintain, although 
requiring more maintainance than the lithium source. The primary 
drawbacks are the gas load it imposes on the vacuum system and the 
fairly large energy spread. 

A more detailed account of our developmental work on this 
lon source is presented in Appendix VI. 

3. MASS ANALYSER 

The i0n sources used tend to produce a variety of ions- from 
the same source. This was especially true when vd the a plasma 
type ion source. Although the source parameters could be varied 


to enhance the production of one particular ion, other ions could 


*Private communication from Dr. W. Aberth, SRI. 
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not be reduced to insignificant values, Therefore, it was decided 
that mass arcalysis of the ion beam prior to its entering the scat- 
tering ceil was necessary. 

The mass analyser shown in Figure 13 was designed and cali- 
brated by See aoe It has a ee angle of bend in order to 
allow for both high beam transmission, up to 90%, and a resolution 
Am/m of about 40 allowing mass analysis of singly charged particles 
up to mass number 40 and energies up to one kilovolt. Using a coil 
current of 8 amps, it had a maximum field strength of about 4000 
gauss confined between 40° wedge sector shaped pole pieces witha 
3/4 inch gap width. The pole pieces were external to the vacuum 
system which allowed increased flexibility and enhanced the vacuum 
integrity of the entire system. 

One effect resulting from the use of the mass analyser was 
the reduction of background signal at the detector by a factor 
of 100 or more. This fact made it worth while to use the mass 
analyser even in cases where the ion source did produce only one 
type of ion. 

4, FOCUSING MAGNET 

The magnet cell consists of five concentric brass spools 
wound with a total of 7938 turns of number 15 wire connected in 
such a way (see Table I) that the total resistance was approximately 
10.75 ohms. A single layer of 1/4 inch outside diameter copper 
tubing was placed over the outermost layer of wire on each spool. 
Water was run through the tubing for cooling. Thus it was possible 
to use up to 14 amps through the coils. A Sorensori Nobatron model 
DCR 150-15 power supply was used to supply the required magnet coil 


current regulated to + 0.1%. 


4.8 














lon Source Flange 


Thermal Cement 


Cooling Coils 


lon Source Spool 


Vacuum Weld 












Pole Face y | | 
\ DM i) Lucite Window 
N 

VWF 74 UX 
To N 

ie \ 
Detecto . \ 
SSW N 
. \ S 
N 
. Main Body . 
Pumping Flange 
. . 
Adapting Flange ~ L 


ee ttle titan» _© 
SCALE INCHES 


Figure 13. Schematic of Mass Spectrometer. 
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TABLE I 


FOCUSING MAGNET DATA 


io 
| 
| 


23.92 a 


( 


5. Length of wire (ft) 7 3 
(item 4 x 1000/2.58)** |:6010 6790 7560 {6790 


ITEM COIL /€Ori P= ecorD ‘COLL | COIL | TOTAL 
Oe ee ee ae) cea, 3 | 4 oa 
1. Number of layers of | ! 
winding 22 | 18 er | 12 (14 (82 
| | | 
2. Average number of : | | | : 
turns per layer* i197 95 | 97 Pa pe | 
| : i 
3. Total number of | | | ! 
turns on spool i 7 | : | 
(item 1 x item 2) S226 L716 15o2: 1160) ).13720e G36 
1 i | | 
4. Measured resistance | | | : 
(ohms ) m0. 46° 18.36" 20,0em ad oe OF ! 
‘ | 
| 
| 
| 


9300 {36,450 


6, Insidem@aameter of | | 
spool (inches) Tefyo V1. >> 14.3007 .250\19. 7501757 

7. Inside diameter of | | | 
winding (inches) {8,000 11.400 14.550 17.500} 20.000 |8.000 

. | | | | 
8. Outside diameter of | | | | 
spool (inches) | 11.140) 14.285 7.235 A) 733 22-2 
: \ oa ! 


*Based on actual count of several random layers. 


**¥ Based on nominal resistance for 15 wire of 3.25 ohms/1000 ft 
at 2 Gs 
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COIL ARRANGEMENT 


Since the magnetic vector potential can be expressed in terms 
of the axial component of the magnetic field on the axis only this 
quantity was carefully measured. The measurements were carried 
out by Kelly’ using a Hall probe calibrated ina magnetic field 
varied from O to 5 kilogauss against a known nuclear magnetic 
resonance probe accurate to + 1 gauss at 1000 gauss. Figure 14 


illustrates the method used to position the magnetic field probe. 
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Figure 14. Arrangement for Measuring the Magnetic Field. 


The probe was placed inside an aluminum pipe on the tip of a 

wooden rule accurate to 0.5 mm. The wooden rule provided an 
adequate measurement of the distance of the Hall probe from the 
center of the magnet. The aluminum pipe holding the probe was 
fitted through templates at either end of a larger aluminum pipe 
held rigid inside the magnet coil and positioned concentric with 
the magnet coil axis. The end plates could be rotated to different 
radial angles and they had seven holes, 1.27 cm apart, along a 


radius which allowed field measurements at various r and @ values. 
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The axial component of the magnetic field on the axis was 
measured at 4 centimeter intervals at current settings of 2,4,6, 
8,10,12, and 14 amps. A plot of these measurements is shown in 
Figure 15. These values were fitted to a 122" order polynomial 
in Z and used to calculate the magnetic vector potential as ex- 
plained in Section 3 of Chapter II. Figure 16 shows the value 
of the axial component of the magnetic field measured at various 
xr and @ values at the center of the coil. These and other mea- 
surements tabulated in reference 7 demonstrated that the magnetic 
field was symmetric about both the center of the coil and the 
coil axis to within 0.1%. This allowed use of the coil axis 
and coil centerline as references for alignment of the entire 
system to the magnetic field axis. 


5. SCATTERING CELL 





The scattering cell, shown in Figures 17 and 18, constructed 
of stainless steel, is designed to allow particles scattered at 
all azimuthal angles to leave the scattering cell and eventually 
be collected at the detector. Figure 18 illustrates how this was 
accomplished by opening the scattered beam exit slit about 290° 
around the scattering cell. 

Attached to the front of the scattering cell is a circular 
aperture of variable diameter which can be adjusted from outside 
the vacuum system. Through appropriate wiring the ion currents 
to the front section of the scattering cell can be monitored. In 
the front section of the scattering cell a 0.5 centimeter diameter 
by 1.0 centimeter long beam entrance tube was drilled. These 


dimensions were chosen to reduce gas flow out from the scattering 
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Figure 15. Axial Magnetic Field Strength vs Distance. 
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cell and allow maximum flexibility in the 1.0 centimeter diameter 
by 1.0 centimeter long scattering chamber itself. Into the bottom 
of this chamber a 1/8 inch outside diameter copper tube was placed, 
through which target gas entered. A precision gas metering valve 
placed at the other end of the inlet tube was used to allow pre- 
cise control of the gas flow into the scattering chamber. A 
VG-1A ion gauge was located so that its entrance tube was placed 
90° from the gas inlet tube. The narrowest portion of the path 

to the ion gauge was 0.5 centimeters in diameter, occuring where 
it entered the scattering chamber itself. From the rear of the 
scattering chamber the front section of the scattering cell 

sloped upward to the outer edge of the cell at an angle of 49° 
from the horizontal. This surface acts as the front edge of the 
scattered beam exit slit. The back edge of the slit was formed 

by the face of the rear of the scattering cell which sloped upward 
at an angle of 36°. As shown in Appendix III these two angles 
determined the gas target thickness. The inside of the rear of 
the scattering cell was opened up to a 2.54 centimeter diameter 

in order to allow free travel of the unscattered ion beam to the 
beam collector. This after section is also wired so that ion 
currents to it can be measured. The rear section of the scat- 
tering cell can be moved horizontally from outside the vacuum 
system. In this way the target thickness could be varied. The 
opening could be adjusted to any desired length from fully closed 


to up to 0.8 centimeters when fully opened. 
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The front and rear sections of the scattering cell were placed 
inside a stainless steel tube (0.18 centimeter wall thickness) and 
separated from it by teflon insulation. The support tube ran the 
length of the entire scattering cell but was cut away at the exit 
slits so that only 19% of the tube was left to obstruct the scat- 
tered beam. This area was accounted for in the calculation of 
the solid angle. The tube has four variable length legs on each 
end (a total of eight). The individual legs in each set are 
placed 90° apart around the circumference of the tube end. This 
arrangement gives very stable support to the cell and yet allows 
easy adjustment for alignment. 

The beam collector consists of three grids and a collector. 
Normally, the grid farthest from the collector was grounded, the 
middle grid was given s small positive potential to keep slow 
positive ions from reaching the collector, and the grid nearest 
the collector was given a small negative potential to suppress 
secondary electron emission from the collector, The collector 
was kept at ground potential. The beam collector and its grids 
are placed inside a metal cup which both shields them from ex- 
ternal charged particles and also acts as a gas cap over the rear 
end of the scattering cell. The beam collector assembly is 
mounted on a rod which allows the assembly to be pulled away from 
the rear of the scattering cell and then swung out of the path of 
the incident ion beam. This is done to allow alignment of the 
entire apparatus along the magnet axis and to allow the incident 


i10n beam to fall directly on the detector for calibration purposes. 


58 


6. SCATTERED ION DETECTOR 

The differential scattering cross sections to be measured are 
extremely small, and therefore it will be necesSary to use some 
sort of amplification so that the scattered particle current can 
be measured on an ammeter. A Model 306 Magnetic Electron Multi- 
plier manufactured by Bendix Corporation, Cincinnati, Ohio, was 
chosen as the beam detector and amplifier. This multiplier, de- 
veloped by Goodrich and anny could provide reproducible cur- 
rent gains up to 10°, sufficient for the projected measurements. 

The multipliez, shown schematically in Figure 19, consists 
of two plane parallel glass surfaces each 5.5 centimeters long 
and placed 0.5 centimeters apart. The glass strips are coated 
on their facing sides with a thin, high resistance (approximately 
10° ohms) layer of tin oxide and antimony. Attached to the top 
of the field strip 1s an entrance grid of etched nickel mesh, 1.9 
centimeters wide and 1.2 centimeters high, with greater than 90% 
transparency. Attached to the top of the dynode strip and 
directly behind the entrance grid is a tungsten cathode 2.54 
centimeters long. Permanent Alnico V magnets placed outside both 
the field strip and the dynode strip produced a uniform magnetic 
field of 400 to 600 gauss in the space between the strips. This 
magnetic field is oriented perpendicular to the long dimension of 
the strips and parallel to their faces. At the bottom of the 
strips and between them a stainless steel anode is located. The 
entire structure is quite rugged and easy to handle. Its outside 
dimensions are 10.2 centimeters high, 3.35 centimeters long, and 


2.06 centimeters deep. 
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Figure 19. Operational Schematic of the Bendix Model 306 


Magnetic Electron Multiplier. 
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In the multiplier's normal mode of operation a potential 
difference is applied the length of each strip in such a way that 
the end of the strips nearest the anode is the more positive end, 
and so that the field strip is positive with respect to the dynode 
strip. This arrangement, along with the magnetic field of the 
permanent magnets, produces crossed electric and magnetic fields 
in the region between the two surfaces. In this field configu- 
ration the motion of any electron released from rest at any point 
on the dynode strip is a cycloidal motion in an E x B direction 
(down the long dimension of the strip). Because the equipotential 
lines are slanted with respect to the dynode strip surface the 
electron strikes the surface before the completion of the first 
cycle. For sufficiently high applied potentials the electron 
has enough energy to cause secondary emission with a secondary 
emission ratio greater than unity. The secondary electrons thus 
generated repeat the process of the original electron, until most 
all electrons reach the anode and are collected. Therefore any 
current incident on the tungsten cathode is read out on the am- 
meter connected to the anode multiplied by some measurable gain. 

As the scattered ion detector in the experimental apparatus, 
the multiplier has to be operated in a magnetic field of up to 
200 gauss. The effect of this magnetic field causes the secondary 
electrons of the multiplier to drift perpendicular to the long 
axis of the dynode strip. Thus some of these electrons drift off 
the side of the dynode strip and never reach the anode, thereby 
reducing the gain of the multiplier. The rate of drift increases 


with increase in the magnetic field, causing the multiplier gain 
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to decrease with increasing field. Shielding the multiplier from 
the external field was attempted using U-metal, netic, and conetic 
foils. This proved unsatisfactory for two reasons. First, the 
large amount of shielding material required so disturbed the 
focusing field that scattered particle trajectories were not pre- 
dictable. Second, the gain of the multiplier could not be re- 
produced whenever the focusing field was changed and then re- 
turned to the original value. This was probably due to the hy- 
steresis in the shielding material. The most satisfactory system 
has been to operate the multiplier inside an aluminum shield to 
protect it from random background and to choose the various strip 
potentials which give the highest gain and lowest noise. For a 
particular set of potentials the multiplier gain was measured at 
different focusing magnetic field values. This was done by varying 
the magnet coil current and keeping the multiplier at a fixed 
distance from the magnet center and also by fixing the coil current 
and varying the distance of the multiplier from the magnet center. 
both methods gave essentially the same gain for equal values of the 
aXlal magnetic field. A plot of these measurements and a io 
order fit of the data points is shown in Figure 20. The fitted 
value was used in the actual calculation of cross sections, An 
actual gain measurement is made as follows: with the multiplier 
installed inside the apparatus, the focusing magnet current and the 
detector distance are established at their desired values. Then 
the field strip and the anode of the multiplier are grounded while 
the cathode is connected to an ammeter. The ion beam from the 


source is directed onto the cathode, This current (which has to 
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Figure 20, LO9,6 Multiplier Gain vs Axial Magnetic Field Strength. 
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be kept below NOH amps to prevent saturation of the multiplier 

output) is then measured. Then, without changing the current 

incident on the multiplier cathode the multiplier is placed in 

its normal operating condition and the anode current is determined. 

The ratio of the anode current to the ion beam current measured 

at the cathode is the gain. This process is then repeated for 

each new set of magnet currents and detector distances. 
Measurements showed that the gain did not vary with gas 


L, 


pressure up to 2.0 x 10 * Torr, a pressure much higher than the 


multiplier ever encountered when data was being taken. The gain 


7 4 


e 6 e e e 
was measured uSing Li , Li’, He , H and H ions and no ion or 


3? 
mass dependence was detected. The gain was found to be inde- 
pendent of the anode current up to 107? amps. Above these cur- 
rents the multiplier tends to saturate since the anode current 
iS approaching the strip current in magnitude. To prevent slow 
ions from entering the detector, a grid was placed over the .de- 
tector shield aperture. Normally, a small positive potential 
(about 20 volts) was sufficient to screen out this background. 
The detector signal falls about 50% as the grid voltage is in- 
creased from O volts to about 10 volts. As the voltage is further 
increased,the detector signal remains essentially constant until 
the scattered ion beam energy is reached, then the detector sig- 
nal again decreases sharply. The grid also permits a crude anal- 
ysis of the scattered ion energy. 

After about two months operation the multiplier strips be- 


came coated with vacuum pump oil. This caused large increases in 


the multiplier noise resulting in false current measurements. 
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Cleaning the strips with a pencil eraser to remove the deposits 
reduced the noise and did not effect the multiplier gain. 

Subject to the limitations outlined above the magnetic elec- 
tron multiplier proved to be a reliable detector for the scat- 
tering apparatus. Although initial measurements of the gain were 
tedious, once they were made, subsequent checking showed the gain 
to be stable. 

7. SYSTEM ALIGNMENT 

In order to detect particles scattered at a particular angle 
the detector must be placed on the focusing magnetic field axis 
at the point where the scattered particles focus on the axis. 

The program for calculating the intercept distance assumes that 
scattering took place on the axis at the center of the focusing 
magnet field. Therefore the accuracy of the angle of scatter 
determination depends on how well the scattering center and the 
detector are aligned to the magnetic field, 

Since the geometric centerline of the focusing magnet coil 
was found to be the magnetic field axis to within 0.1%, this 
geometric centerline was used as the reference for aligning all 
other components to the magnetic field axis. To perform the 
alignment, crosshairs were placed on either side of the magnet 
spool to mark its axis. Then a small laboratory laser was 
positioned so that its beam lay on the magnet axis established by 
the two crosshairs. The crosshairs were removed and the line 
established by the laser beam was used as the reference for 


aligning all other components to the focusing magnet axis. This 
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method made possible the aligning of the scattering cell, the 
detector, and the focusing lenses to the magnetic field axis to 
an accuracy of 1.0 milimeter radical displacement off the axis. 
Analysis of computed trajectories showed this error to be 
essentially undetectable. 

The incident ion beam was aligned by adjusting the position 
of the source and the mass analyser with the ion beam on until the 
maximum possible beam reached the scattering cell beam collector 


using no deflector voltages. 
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CHAPTER IV 
EXPERIMENTAL RESULTS 
1, PRELIMINARY TESIS 
The differential scattering cross section shown in equation 
(1) of Chapter I can be rewritten in terms of the quantities 
actually measured as follows: 


I)/G 


Z 
ee Aor (ol) 
T5(P_p)t dQ? 


do (90) = 


where I, = current at MEM detector anode in amps 
G = MEM detector gain 
= incident ion beam current in amps 
ge = pressure of target gas in Torr 
0 = omc Oms 101 particles/cm>-Torx 
t = target length in cm 
dQ = solid angle 


To measure a cross section, then, a target gas pressure anda 
target length are established in the system. The magnet current 
and/or the detector distance are varied to cover the range of 
scattering angles to be observed. These two quantities also 
determine the value of the multiplier gain and, along with the 
angle of scatter, the solid angle. Then at each setting of the 
magnet current and the detector distance, 1, and 1. are observed. 
These values are used to calculate d0(Q) using the appropriate 
computer program listed in Appendix IV. 

In order to eliminate any spurious signals a series of mea- 
surements was undertaken to test the effect of the variables I, 
ae and t upon the measured value of dO. For a particular angle 


of scatter 


do = K —-——— _, where K = constant. 
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Now for constant incident ion beam current, I.; and constant 


target length, t, 


do 
ro (&) Pee, - 


The experimental data plotted in Figure 21 verify this linear 
relation. Notice that the data are linear but does not extra- 
polate to zero. The fact that Lh does not go to zero is probably 
due to multiplier background noise. However this error is not 


5 


important above 1.0 x 10 ~ Torr pressure where the measurements 

were usually made. Another linear relationship which must exist 
1s 

do 

— ji. (es) 


D _ C, ri 


for constant target pressure and target thickness. Figure 22 
shows a plot of one set of experimental data which demonstrates 
this characteristic. Finally, if the incident ion beam current 
and the target pressure are kept constant then the detector 
current must vary linearly with the target thickness, This re- 


lation, which is 


do 
In _ (=), (4) 


is shown experimentally in Figure 23. These three curves show 
that our detector signal has the proper dependence on the various 
parameters and behaves like a scattered particle current. For the 
differential scattering cross sections measured the ion current at 
the beam collector was about 107” amps, the current to the rear 


? 


of the scattering cell was about 10 ” amps, the ion current on the 
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front face of the scattering cell was about 1078 amps, and the 
detector signal of the MEM output varied from ior" amps to 1073 
amps. With no target gas in the scattering cell and essentially 
the same current to the beam collector the detector current drops 
to about 107)? amps. Consequently the signal due to scattered 
ions was at least 100 times greater than the multiplier dark 
current. 
Zs He” + He SCATTERING DATA 

Another important test of our technique is the comparison 
of data measured by our method to data obtained by more con- 
ventional methods. We therefore measured the elastic differ- 
ential scattering cross sections for He on He at 300 eV from 
40° to 52° and at 400 ev from 42° to 54°, and compared our data 
to that taken by Lorents and Avex th , as shown in Figures 24 and 
25. The gross shape of our data and Lorents' data is essentially 
the same, but we do not observe the fine structure in as much 
detail as they do. This is due to two effects, both tending to 
increase the angular resolution (AQ = 1° for our data, compared 
to AO = 0.5° for the Lorents data). One effect is the increase 
in angular spread that occurs because of the anomalously large 
energy spread of about 8.0 eV in the incident ion beam energy. 
The other effect is the increase in angular spread brought about 
by the spiraling of the incident ions about the magnetic axis. 
This spiraling will allow the incident ions to enter the target 
area at small angles with respect to the system axis, thereby 
increasing the angular spread the detector sees. Nevertheless 
these results do show that our technique can give reliable cross 


section measurements on an absolute basis. 
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+ 
3. Li + He SCATTERING DATA 
Finally, a measurement of the elastic differential scattering 
6+ 
cross section of Li on He was carried out. Since, for this 
system, the helium target atoms have a smaller mass than the 
incident lithium ions there are two possible energies at which 
the lithium ion may scatter at any allowable laboratory scat- 
tering angle. There also is a maximum angle of scatter in the 


laboratory system determined by the relation 


Qa = Sin (M,/M,,) = 41.7° (5) 


max 


At this maximum scattering angle the laboratory elastic cross 
section becomes af iced ah This particular property made this 
system suitable for a check of the accuracy of our angular de- 
termination and system alignment. Since our experimental appa- 
ratus does not detect particles scattered at a particular angle, 
but rather at a particular vector momentum (recall that the tra- 
jectory is determined by the p x B forces), this peak in the 
laboratory cross section can be seen by setting the detector at 
a convenient distance from the scattering center and slowly de- 
creasing the magnet current. This allows us to measure the cross 
sections continuously from the high energy side to the low energy 
Side of © without moving the detector out of the scattered 
particle beam. Thus we are able to determine closely the magnet 
current for the largest cross section observed and compare that 
magnet current value with current value for Os & calculated from 
the theoretical trajectories. The results of these measurements 


are shown in Figures 26 and 27 which are plots of the laboratory 
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differential scattering cross section vs the angle of scatter at 
200 eV and 300 eV respectively. Notice that in both cases the 
upper branch, corresponding to higher scattering energies, suddenly 


increases Sharply as we approach i ines ) and then decreases 


ma 
along the lower branch as the angle of scatter decreases. The 
fact that the cross section peak appears at the correct angle 
illustrates that our angular determination is correct and our 
system is properly aligned. The spread in the data is about a 
factor of 2 and is believed to be largely due to error in the 
multiplication factor G of the magnetic electron multiplier and 
will be discussed in more detail below. The same data is shown 

in the center of mass system in Figures 28 and 29. There appears 
to be some structure in both curves most easily seen in the smooth 
data in Figure 30. However, from this data, it is not possible 

to conclude whether this structure is due to instrumental effects 
or represents an oscillation in the cross section produced by 
quantum mechanical interference effects. For the homonuclear 

case (e.g. He” + He) oscillations produced by the interference of 
gerade and ungerade states has been thoroughly seyaa eee In 
heteronuclear systems (e.g. ii & He ) Bionca has sueneoetl that. 
at very small internuclear separations a Similar interference 
effect may occur since the active electron might find itself in 

a field resembling that of a homonuclear molecule. This, of 
course, would cause structure in the differential scattering cross 
section. On the other hand, there are reasons to believe that 
instrument effects cause the oscillations. In the 80 ev data, the 


: : d O y . 
large dip in the cross section at 95 may be due to interaction 
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of the scattered particle beam with the scattering cell exit slit. 
This problem can occur for particles scattered at less than 36° 
in the lab. The dips at 125° ingthemseOWevVEdata and at 130° in 
the 120 eV data correspond to particles scattered at about a 
in the laboratory system. Consequently it iS possible that the 
dips are due to inaccuracy in the calculated solid angle very 
near the laboratory cutoff angle. Notice however that regardless 
of the structure our data has slightly less slope and is above the 
line extrapolated from data taken at smaller angles by Lorents and 
Aberth*. Our data indicates that the center of mass cross section 
tends to level out as the center of mass scattering angle increases. 
Thus there is essential agreement between our data at the larger 
angles and that of Lorents and Aberth at the lower angles. 
4. EXPERIMENTAL ERRORS 

There are several sources of error in the measurements. One 
source of error which cannot be entirely eliminated arises from 
the spiraling of the incident ions about the focusing magnet axis. 
As already pointed out in Section 2 above this introduces an error 
in the angular measurement, and iS most important in meaSurements 
where the cross section has large variations as a function of the 
scattering angle. However, the effect is minimized by proper 
alignment of the incident beam to the focusing magnet axis. The 
gain of the MEM, which is the scattered ion detector, is a rather 
sensitive function of the magnetic field strength of the focusing 
magnet. Thus any small error in setting the magnet current or the 
detector distance would result in actual gains slightly different 


from those used in the cross section calculations. The error in 
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setting the detector distance and the magnet current would also 
cause differences between the actually observed angle of scatter 
and solid angle and their expected values from which the cross 
sections are calculated. The detector distance can be set to 

af 1 mm and the magnet current can be regulated to a0", 05 amp. 

For the Cal on He data this results in a possible error in the 
scattered angle of less than 0.05° and in the solid angle of less 
than 5%. Another source of error iS in the measurement of the 
target gas pressure in the scattering cell. Although an accurate 
determination of this error was not possible it is apparent from 
the scattering cell geometry that the actual pressure is higher 
than the measured pressure used in the cross section calculation. 
It is felt that the primary source of scatter in our data is due 
to the multiplier which had to be operated at potentials different 
from the recommended values in order to obtain high gain in the 
magnetic field. An analysis of the cross sections for os on He 
give a precision which is on the order of + 20% of the average 


value of a set of measurements. 
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CHAPTER V 
CALCULATION OF THE INTERATOMIC 
POTENTIAL OF THE Li - He SYSTEM 
1. INTRODUCTION 
The estimation of the interaction energy between two atoms 
as a function of their separation distance is of primary importance 
in the understanding of numerous chemical and physical problems. 
The interaction energy can be found in several ways; however the 
most direct method is to calculate it from elastic scattering 
cross sections. In this chapter the potential function for Li’ 
on He was calculated from the cross sections measured by our 
technique and some data taken by Aberth and Lorents~. The pro- 
cedure used to calculate the potential function is based on 


3 


é : 18 
Firsov's~ method (outlined by Lane and Everhart  ) using Gauss- 
Mehler quaduatures to perform the necessary integration. The 


potential function was then fitted to a Born-Mayer form and com- 


pared to the potential function calculated by Zehr and Beery? 
from their experimental data. 
2. THEORY 
11 


Classical scattering theory, valid for this calculation , 
relates the potential function, V(r), to the center of mass angle 


of scatter, 9, and the impact parameter, b, by the expression 


co 
1 
<2 


Q(E,b) = n-2 ( > [(1- ME), b“] dr (1) 


be 
Oo 


where E is the center of mass energy, 
yr is the separation distance, and 


ris the distance of closest approach. 
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The necessary and sufficient conditions for scattering particles 
into the element of solid angle dQ = 21 sinO dO is that the 
particles be incident in the annular ring of area 21Tbdb. There- 


fore the cross section 0(@) is related to b and 9 by 


270(9) sinO dO = - 2mbdb 
Or 
TT 
be = 2\ 0(9) sinO dQ, (2) 
Q 


Since the functional form of 0(9) isn't known the integration 
cannot be carried out. However b can easily be found from a plot 
of (0) sinO vs 9. The area under the curve fromm to 9 is then 
5. Thus the relation between Q@ and b can be obtained directly 
from the scattering data. However equation (1) cannot be used to 
obtain V(r) directly, so the following method will be used to 


determine the potential function from the 90 = f(b) result. Let 


foe | VO) 4x? 


a 


or 


v(x) = [1 - q°/t*] 8 (3) 


and by knowing q and r, V(r) is determined. Making this sub- 


stitution in (1) gives 
© 


Q=T -{ 2b [ (F) /aq 7 [q°-b*] dq 
b 
= 7 -| 2b (d £n /aay(e’ ney, ade. 
b 
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Now using the fact that 


co 
1 
ae 


TT -\ b(dén q°/dq)(q*-b~) dq 
b 


leads to 


O(b) = »| [ dén( qi /x~)/dq, Il 4; - Db] dq, 
b 


nr 


where the integration variable has been changed to q Now 


1 
1. 
2 
multiply through by db/(b*-q°) and integrate from q to infinity. 


Thus 
co co co 2 Py 
aim (qo72 )i/ dq.) dq 
bia) tb — ie \ : ii : “a Lp ey 
q(> 4)  (baeaee (asap 


The integral on the right can be transformed using Dirchlet's 


O ; 
formula to give 


co co d 2 Ls q 
O(byaby _ 1 (4) Te d(b*) 
2 2% 2 Bay 
(PD aa te IL r 


2 2. heen ee * 
b : b - 7 -b 
q q ) q? ( a”) (dy ) 





The right hand integral can be placed in a standard form and 
integrated to give 1m. Thus equation (4) becomes 


co 


eo eZ 
d(q, ) 

ee = meh 5 “ din(q,/t~) dq, = > 4n ci ; 
oe 





an Oo 
b = 
( q ) 


Thus 


r(q) = q exp a | ais (5) 
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and by evaluating this equation and using the results in equation 
(3) one can obtain V(r). The evaluation of the integral in 


equation (5) is done using Gauss-Mehler quadratures~", where 


1 n/e 
1 ° 
( £(y)(1-y*) 2 dy = +2 f( cos =1-= 1) 
0 a 
and n = even integer. For our case let y = q/b, then 


: (bab f o(a/y) dy 


(b~-q")? y(1-y°)? 


Thus 


3. PROCEDURE 

As an example of the procedure consider the calculation of 
Vee) from fie gata for aad on He at 80.0 eV. The cross section 
is plotted in Figure 30. A linear fit of thisdata was used in the 
potential calculation. From this data a plot of 9(9@)sinO is con- 
structed. This plot is shown in Figure 31. The curve has to be 
extended to 180°. The area under the curve from any @ to 180° 
is p°/2. The result of this integration is plotted as O(b) vs b 
and is shown in Figure 32. From this graph r(q) is evaluated. 
A value of q is chosen and @(q/y) is found for each term of the 
Gauss-Mehler quadrature formula. Then the individual f(y) terms 
are found and the integral is evaluated. From this one obtains 
r(q) and finally V(r) using equation (3). The Gauss-Mehler quad- 
ratures give the same answer to four significant figures for 


n = 8,10, or 12. However we used n = 12 for all calculations. 
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4, RESULTS 

Using the procedure outlined above the potential function 
was calculated from our data at Ee 80.0 eV and E4 120 .O'eV 
and from Aberth and Lorents data at E om = 109.1 eV and E om 72.7 NV. 
The results are shown in Figure 33 where the potential is plotted 
against the internuclear separation. Notice that our data fits 
quite well with that of Aberth and Lorents. 

The plot of log. V(r) vs r was found to approximate a 
straight line, thus the potential function could be represented 


by the Born-Mayer form as 


Logline 


wir) = 2596 , © in 10 ~ «am. 


7 


, sant 
Zehr and Berry who also measured the scattering of “Li on He 
found their data to fit a Born-Mayer potential which is expressed 


as Ser 


wir) = 370e" 


This is plotted on the same graph with our potential (Figure 33). 
The agreement is quite good down to about r = 0,3 x VN cm, 

below which their curve rises more sharply. This discrepancy at 
small values of the internuclear distance is not surprising in 

view of the fact that the measurement by Zehr and Berry was carried 
out by a difference method which is more accurate at the smaller 
angles of scattering corresponding to larger internuclear distances. 
The agreement with the data of Lorents and Aberth appears to be 


excellent. 
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CHAPTER VI 
CONCLUSIONS 

The most difficult and most time consuming portion of the 
work reported here was designing the apparatus and demonstrating 
the feasibility of using the focusing properties of an axially 
symmetric magnetic field to measure differential scattering cross 
sections. This was accomplished by showing that data taken by 
this method is in essential agreement with that measured by other 
means. Therefore this method with its much larger solid angle 
will allow future measurements of heretofore too-small-to-be- 
observed cross sections. 

The second accomplishment of this research was the mea- 
surement of the differential scattering cross section of 4 
on He at large angles, thereby extending the data about 80° past 
previous measurements. These measurements also demonstrated the 
case in data collection that this technique (with its built in 
momentum analysis) offers for systems with heavy incident ions 
and lighter targets. Finally the interatomic potential function 
at distances less than 1k for the Lis on He system was calculated 
from our data. The agreement of this result with that derived 
from other scattering measurements is additional evidence for the 


soundness of our technique. 
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APPENDIX I 
THE EFFECT OF TARGET SIZE AND ION BEAM 
ENERGY SPREAD ON THE SOLID ANGLE 


The expression for the angular spread (see Section 5, 


Chapter II) was 3Z_ az, BZ, 
: = eer ce ees: t eee 1 
dz SE dE SRI dR* + S71 aZ 
I>1 1 ! 

do = OR'Z EOZ EOR , 
=| 
ee. 
aa BRezZ* 


where E is the ion beam energy, 
dE is the energy spread of the bean, 
dR'is the effective target radius, 
dz'is the effective target length. 

; No analytical method exists for calculating the four partial 
derivatives. They are computed by solving a number of trajectories 
where B,O;R®, and Z' are varied appropriately and the corresponding 
change‘in the intercept distance, Zo: is noted. The value of dE 
offers no problem since it is the energy spread of the incident 
ion beam. It depends only on the source being used and can be 
measured independently (for the cui source dE = 0,25 eV). The 
quantities dR' and dZ' cannot be arbitrarily chosen because they 
are functions of the trajectories and the detector geometry. The 
maximum size of the interaction region is determined by the dia- 
meter of the cell's beam entrance aperture and the cell's exit 
slit through which the scattered ions depart as illustrated in 
Figure 18 (Section 5 of Chapter 3). However, the actual region 


from which an ion can scatter and enter the detector is smaller 
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than this and depends upon the trajectory of the ion. This can 
be seen by recalling that the effective detector opening is de- 
termined by AZ os which depends on Oy (see Appendix II), which in 
turn depends on the particular trajectory. Thus a particle can 
enter the detector only if it crosses the axis within Zo + AZ /2 
and at the proper angle, ae regardless of where it originated 
in the target gas. Therefore to evaluate dR' or dZ' one would 
have to evaluate trajectories for many different values of dR! 
or dZ' until the trajectory with the maximum dR! or dZ' is found. 
In general the derivatives (3Z_ /9R') and (8Z /dZ") are linear for 
a given reaction. Thus the change in dQ due to varying values of 
dR‘ and dz‘ is linear and symmetric about its value for dR' = 0 
and dzZ' = 0. The most extreme values of dR' and dZ* an ion can 
have and still be nevesude will give the largest positive and 
negative corrections to dQ. At values larger than these, dQ is 
zero and, consequently, d{is zero. Thus it is apparent that the 
finite target size corrections are such that the average dQ is 
essentially equal to the value of d{ obtained for scattering from 
the target center. It is suggested that a detailed study of the 
problem be made on an analog computer by tracing the trajectories 
backwards from the detector to the scattering cell and defining 
GR' and dz‘ by this technique. The average solid angle is then 
obtained by integration over the total target volume contributing 
at each detector and magnet setting. 

However, one may obtain an estimate of the maximum effect of 
finite target size on the solid angle by calculating the change 


in AZ. due to changes in the interaction volume, as follows: For 
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an ion:to be detected, it must recross the axis within a length 
Zo AZ /2 where Zo 1s the distance between the detector and the 
Scattering center and AZ 1s determined by os and the detector 
geometry (see Appendix II). Now let the detector be placed at Zo 
so that it will detect particles scattered from the center of the 
cell at an angle 9. The angle the particles make with the axis 
as they recross it is @,: fons scattered at 9 at some point in 
the target other than the center will recross the axis at Z6 with 
an angle Ore Since AZ. decreases as oe increases those particles 
with ot > 00 will be detected only if 


AZ AZ 


Oo O 
-—< Z'< + — 
— Zz as Zo 2 


and there will be no increase in the effective solid angle from 
them. However, those particles with J < ®, will be detected when 
all eee eae 

O z, Oo O Z 
aa the effective solid angle will be increased. Therefore we 
need only to consider meee trajectories where 08 < O5° An 
analysis of the trajectories of ions scattered from different 
places in the target show that those scattered on the ion source 
side of the center and those scattered off the axis will recross 
it at distances less than those scattered from the center and that 
they will have larger Se values. Consequently they cause no in- 
crease in AZo since they must cross the axis within AZ of Z. to 
be detected. Those scattered on the detector side of the center 


or those which originate off the axis and recross it before leaving 
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the scattering cell will cross at distances greater than those 


scattered from the center and will have a smaller 9 value. Thus 


NZS 
O 


2 oe 





they will be detected if they have a Z6 S Zo F Therefore 


the actual AZ, correction is 


AZ eZ, 
O O 


Cc 
AZ, a” aoe 


Therefore, for a particular energy, angle of scatter, and magnetic 
field one finds (990 /dZ_) for varying dR' and dZ' values from 


trajectory results, then gets 


Q 
N 
Oo |jO 
0 


which gives a AZ) This is applied to give the proper value of 
AZ. Table II shows the results of the AZ. calculation for erie 
on Ny at 100 eV. Notice that varying dR' gives the larger value 
for (69 /dZ.) and therefore the smallest value of QO’. This was 
used to calculate Az * Since this was the largest correction. The 
largest error is about 8% and as the angle increases the error 
decreases. 

The energy correction is straightforward. The derivative 
(SZ /3E) is evaluated from trajectory data. The energy spread 
dE is determined separately for the particular ion source and 
the correction (0Z /3E) dE is calculated. This correction is 


about 6%. 
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APPENDIX II 
CALCULATION OF THE INTERCEPT SPREAD 

The fact that the detector apertures are of a finite size 
allows all ions whose intercept values are Lvl AZ /2 to enter 
the detector and be collected. This allowable intercept spread, 
AZo depends on the detector aperture geometry and on the angle 
9, between the ion path as it enters the detector apertures and 
the center line. This is readily seen in Figure A2-1. In 
general, then, as oe increases, AZ. decreases. 

The specific relationships between AZ and . can be found 
as follows: 

Consider an incident beam of ions whose outer edge is 
determined by the outer aperture and whose inner edge is deter- 
mined by the multiplier grid opening. AZ | for this case can be 


calculated from the geometry shown below. 





Now AZ = (-£+a) cotan 0 
Oo Oo 
but i = s ‘cotan 00 
st+f 
—— Q 
and Ob tan - 
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OL s 2D tai met 


giving £ = 2b-f cotan 05 = 


which gives AZ (f+ta) cotan 0,72b. . | (1) 


The maximum a a particle can have is that angle defined by a line 
from the outer aperture edge to the farthest edge of the multiplier 


grid. For thas trajectory AZ = 0. Thus 


AZ w= 0 = (fta) cotan 9 -2b 
O O 


cotan oe = 2b/(fta) 


cotan7 (2 ». 


oe ft+a 


putting the values shown in Figure A2-1 gives 9 = Bo ee 


o(max I) 
As we decrease QO, equation (1) holds until the angle of the 
incoming ion is the same as the angle formed by the edge of the 


outer aperture and edge of the shield aperture. This angle is 


found from the relation 


tan O 
Oo 


-l (f-h 
o tan (Sa 


and putting the values 


= 6 = 26.6°, 


Sexinhe is) o(max IT) 
This is the smallest Oo for which equation (1) determines AZ oe 
Now consider an incident beam of ions with 00 = 26.6° whose 
outer ‘edge is determined by the shield aperture and whose inner 
edge is determined by the multiplier grid opening. This is shown 


in the following figure. 
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Again Aga = - £ +f cotan 6 
O Oo 





i= swlestan O 
Oo 
and zu = tan 9 
b Oo 
Ss = b tan 0 <-h 
Oo 
giving 1 (h+a) cotan S., -~ b. (25) 


As os decreases the limit on the inner edge of the incident ion 
beam will finally be determined by the line from the edge of the 
shield aperture to the nearest edge of the multiplier grid. At 


this time 


a-h 
oO = 
tan 5 
Or 0 = 0 = 17 ae 
etme’ Li) O(meax Fit) -—— 


This is the lower limit on the use of equation (2). 
The final case occurs when the incident beam of ions is 
limited only by the shield aperture. The following sketch 


1llustrates these limits. 
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| 


Here AZ = 2h cotan Oo . (38) 
O O 

Thus, the three possible ways a beam of incident ions can be 

limited by our detector geometry along with the applicable ex- 


pression for AZ are: 


inom = o2 26.6° 


AZ = (fta) cotan O -2b; 
oO O 


MI. Rote 26.6.2 0.2 Bias 
AZ = (hta) cotan 90 -b; 
O O 


iin. 3° > Oa OF 


AZ. -=sa2hnscotan & 
Oo Oo 


Figure A2-2 shows a plot of AZ, vs os Over the appropriate 


angular range. 
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Figure A2-2. Intercept Spread vs Intercept Angle. 
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APPENDIX III 
CALCULATION OF TARGET THICKNESS 
The thickness, t, of the target depends on the scattering 
angle, 9, the slit openings, which can be controlled from outside 
the vacuum system, and the angles which the sides of the scattering 


cell make at the exit slit. 


= 2.54 cm 
2.00 cm 
1.50 cm 


> oO pM 
i 





From the above sketch of the scattered particle beam exit, 
the four points (numbered 1,2,3,4,) that restrict the scattered 
beam can be seen. For particles scattered at angles less than 
Bon, points 2 and 4 limit the scattering length. For particles 
scattered at angles equal to or greater than on points 1 and 3 
limit the scattering length. 

Now consider t for particles scattered at angles, 9, less 
than ae Then t must be the distance along the cell axis between 
two parallel lines each making an angle 9 with the axis, where one 
of the parallel lines passes through point 2; the other through 


point 4, as shown on the following sketch. 
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To find t analytically, construct a third line parallel to the 


first two and require that it pass through point l. 


Then t+ = s - kL and’ canbe round from the law ©f weines 
aa. | eee 
; Oo ~~ gin O 
sin(36 -0) 
or me sin(36--0)/sin 9 
and t=s-a sin(36°-0)/sin QO, (1) 


Now consider t for particles scattered at angles 9 equal to 
O O : : 
or greater than 36 but less than or equal to 49. This case is 


shown in the sketch below. 
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Here t is the distance along the scattering cell axis between two 
parallel lines each making an angle 9 with the axis; one of the 
lines passing through point 1, the=other through point Faethen 
it is obvious that for this case 
t = S. (2) 

Finally, consider t for particles scattered at angles greater 
than ie For this case t must be the distance along the cell 
axis between two parallel lines each making an angle 9 with the 
axis; one of the lines passing through point 1, the other line 


passing through point 3, as shown below. 





[t) Gar tee” Seen from "the sketch that t = S -42%, 


Again using the law of sines one has 


a ae 

Sin(9-49°0) ~ Sind 
giving £ = b Sin(9-49°)/sino 

t = S -b Sin(0-40°)/Sino. (3) 
In summary: QO< .: t = S -a Sin(36°-0)/Sine 


Oo 


36° < o< 49°: t= 5 


S -b Sin(0@-49°)/sine 


HN 


“Lo? 296 : +t 
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A plot of £ vs 8 is shown in Figure A3-1l. From this relation 
the scattering length, t, can be obtained. Figure A3-2 is a plot 
of t vs 9 for a scattering cell opening of 0.3 centimeters. Note 
that it depends on two things: (1) the length of the scattering 


cell exit slit and, (2) the angle of scatter being observed. 
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APPENDIX IV 


LISTING OF COMPUTER PROGRAMS 


The computer programs used to calculate the solid angles and 


the cross sections are listed in this appendix. All the programs 


were written 
The programs 


ee 


in Fortran VI and were run on the IBM 360-67 computer. 


are; e 


SOLANG: This is used to integrate the trajectory 
equation and to calculate the solid angle. This 
program was written by N.R.A. Smyth. 

CSVSZ: This program calculates the differential 
scattering cross section from the raw data where 
the observed angle is varied by moving the detector 
while keeping the magnet current constant. 

CSVSm: This oral calculates the differential 
Scattering cross section from the raw data where 
the observed angle of scatter is varied by changing 
the magnet current while keeping the detector fixed. 
PSIGMA: This program calculates the differential 
scattering cross section from the raw data for the 
case where the target has less mass than the pro- 


jectile. 


All three cross section programs give both the laboratory system 


and center of mass system values for the cross section and 


Scattering angle. 
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IS THE TARGET MASS IN AMU. 


126) 


T 
ir 


CUR,» THINIT,THINC, THFIN 
NC 
NITI/THINC 41.0 


LE MASS AND T 
TLE( J) oJ 

E 

/ 


0 
0 


I 
) 
N 
9 
) 
I 
I 


CT 
7 
20 
) 


OrkLONOCOgCaTr 
Lt A fm PHiOD end 
QA eam ewe ome OO 
WE DROW R= We Te 
UL) wee EE wee el Owe eT et ee ef we CE 
TOZOAZLTOTZrRSTINOATZW Ww 
Meee Sear Sete 
WOWOOQWOeOOWOOWO 
OCU AXLOCW Bu Mote zo 
m= 


4 on OM 
i eet > cat and 

O° 

+ 


WO 


Zi e 
© ed 
—e LL 
ww ij o 
Qme 
ot 
Lh} ef om 
ra 
jf b= OC 
omens LL 
ma” 
pad Pd way 
a tae? Pre] 
> Lie 
© oc ff 
e am mr 
oe) zoo= 
© QA AA 
oo “hh o @ 
a ~~ @% (f) 
ae QOwrsw UW 
om a ©O ee ef 
»< -~ SC fud]e 
| Oo Luu. © i} © 
<{ — Ml ep mp 
(Se) = = ee LO 
~ a. = ami xO 
~ tae ez abe Wd 
-_ = a. OZ IiANe 
<a © A “Lj mew CE 
< » - weVicL @ 
— w= om OS wh © 
- oO ~— ODT UI©O 
a LL. CO} Wop Ee 
a » wk Le Usp UW 
” - U. be OC hk eTe 
Q mn = -~ ro SAlp & © 
e * od ahs =—- Cw Late Com 
2 ee] uw o~d + Ae Wr ine 
fee) os Oo » w «if Zz eN-O 
weed oH ~ N ~~ my) WAI #™) 
~ aQww rt e i Nt Oped poe AJ ee 
Oo +z uy > ~ =~ wt ee & 0 
ir) Chu OV (a © ~- Su Meme OO 
= + % N uJ Oo «O wee MOZiIl Od 
tf Ou & aan oom —- tem MNOWSIN ew 
| we ~ eV OO e = MO OT eDiie w& 
9 oom uy ~ © ett O CK Ww ERLE wl) oc 
rm MO ~~ SN aN) QO fk ~wDee WS 
om O * +O ae, fae NN ome om w CEamnYyd - il DO 
OO z= = Cg i 1 = COMMS “NLL nD &>2 ome «© 
@' OO BZerem aw O On LOOweA ~ ¢0.NNiaNb Od 
QD Fe Oerw ~y hr =) 2. CAC — pm om ~~ mwew 0 O q<_{—- 
OTe Om || MEF OFN ~— UV USN war ome CD EE OY ww Ol mr il Wa e 
@oeoeoe ot wie eE Ne O ASA ee HOSY! — —emewif\mm YY) LL 
QdO0O00rF2uU0~—~~— e2Oe NEY OOVNZAAO = wMmSZHESYWN ~~ OCS 
UNUM FORNNKFOOW COOUFRHMOCH Hae Wb noOoom wrotodcode wid « 


mmm EU WOM HIN NS ee LOK Name TU me oe EDO YOR LM Owe WL 
HNOSOO~ | TOW Il HVOF NNQARNDUOMSTOON Ziodwatreowp, on 
ewe Or ROS ET KH NO~K TOK KOH HORE I HOO NOWaOe TX 
bebe be NE eR LO DO RO me HOR eR Ze m RU eeO IONE E SY om 
SESS TBWE LL eo te NOC IWOOT E HAN SaqHNCOOWRH ORAS 
LeeKKLYOLWIL WA ZSY lee RewOQwwtoreKi~~ OO ~~nw TILA O emu 
SOB ORFErOUWOR SF UFZOOOMZA Ome >OOU >> ni br ei 
+ 
Oo + AN = ° uy 
N A) N oy 


114 


C= 


KXKKO44, * 


+ 
X¥*74+9.%B + 
0*B(6)*X**€24+120 .*B( 7) ®X*€34+210.*B (8) ¥X** 


sYsDERY) 
6-2) 
(2),8¢13),F(6),G(7) 
+ 4) 
8 )* 
) 1 
5 0 


HET »ZEEsOsO,g LABEL, ITITLEsO,sCyOeOel yl yDylL5yglyglAST) 
A-H 
ERY 
* 
6 
l 
B 


H OF Z VS THETA HAS LAST=',12) 


954,54,55 
X 
( 
D 
3 
¥ 
B 


51+56,56 


—Y Nad zm a om 
ZQOw2f2 Kx Om C= 
MMCAO WO -—— “~~ 
AWD ame oem elie PLL om 
4 med OTK) Mm ietontitin = tL 
0 De et ett WE es we [INS i] Ne 
on, enOeW i HNN eww 1 tists Q Us LL) LL) mi OON of & 
OW BOK NZDrSZywv— il COM WW RH WD SU DOD> b— mie He 
=i wb OF2O «Cm OKMRANIN ZN MNZNSZS DPYINZ DO + KO 
WOW {LOM ™AIw ee LTH Hemet OL Iie er Om ZO WME Il 
eS ee Sh I ewe SE Ee SNR eine zk Je > fo ee US ee 
mr mY SEZ Oe Ow EZ Ow SIZ DATEAxRNN 
COOCCOQOCOOTWet ere Om LOU =OOKUWO COWS DE me Cw 0 
SEU OOBIL CE IO VORMPNO BLN O=ANQOOm=NOOUMU one 

oi 


oOo ao CO N oe UW eH © 
t 


e'THLF=",1295X_," THIS RUN IS GOOND',////) 


HLF 

X 

THLF 
OX," IHL F=",l2e5X,*THIS RUN IS IGNORED',////) 


I 
C 
ID(THESD, ZEROD, THEZD, JON, ZINT,ZEFIN) 


115 


—s e+ + 6 m= Ort FO ww 4 A ri + hm + = 
= > # © +t +4 OO Ui -«t — © Ke > 
© Orx © He +E Swe we Ft oH ~-O += LL 
* N#HH O om~ «MM #O Me + BG OO re — 
% miet= © —~ £t+ i£tR £€£O MM £ en riw ( 
x Wott © = mem MM 0 CO +# - f- a> = 
4 wte~ © ~ ~O xO OO *+ O —+ +t wy 
nm i+w OF HS wert mt Ot KM ON OD Em O 
NHN MOO ~~ -~ Qe wt Ont + DO HH FO OP = 
+ tit + t+ +O w~—~ + H1¢+¢ — NWN ~~ Se ae 
c <xOO *# LL tet tte OD Ot lO eH i~ O+ _ 
* *+#+0 & { @4% = oe +R we O mm *© 1 © * 
ee mm e® °OMeHe OM H#M BOSH O| TH eO ty 
oO aot #£ TORH OH Me BREN | DWH +O N 
QO wtO =m Nl am +-—_— Bom ee we MS Oa —_ 
Oo moo a cor O # Om mW OCH ana ~ — Mf >» 
+ #IN? we me Or OOK OKC Rt ONS x 
x Oe MM #O¢e KM MM OMS OO €> #O NI 
% NOK EMT e— AH £H VORtet OO mH ¥F ad 
<— Pex e met OO m «© © e bee ey OD He mel p= 
* Oxn- © #—~ui¢¢ 00 00 NOa~- O ~D wn t 
nm ¢X—= © wet wt FTN £H¥O OO Fe we = 
aA NFO SAetd De DWH H oH WV HCD pews t 
~~ ome CO een—e £hE +h KO 0 DO He HH W 
— RA HY om He UN 5p Oe NSF #0OO MM Me meme a 
CO MINEO MOR wx OF #0 —N0O NN we Om =~ 
C Beer Hewett OH NK BH AMS &| Wet wet LL. 
© OO OH MUS em + HOMO KK UHI lm — 
CO DHOmMS} NSE OMeHt A= FM BOM F¥F eo +> ¥ 
N ww eTOM— et on tet £O —H& £4¢0O — WO © =~ 
- QOtHe ~OTF—- Fe hn wns~ OA +0 Oe N 
+ Etre em QHOMOD Me wet OFF HI or oO = 
0 eTODe4t #NKK SF FO Det OHM ~~ OS rw ~~ 
t OWMertbes em mt we HME DO ah MO * 
¥ NWS em OF ISTH We mo Om &* ast ox | =a 
x Wt KOM OF ow ¥F ~~ OF NRO ee NwO# © “) 
% NWHOH O-ROODM OE Oo tN CO #RORO - 
~~ +E O0 8 HHO Ht FH NO MetwwSTO *#OODOHO ~ 
oO KEDHO OW~INNS “0 +r BH QDHED —HOHN 0A + 
4 £¥K KOO OF FeO Nt KO —DOtFt#O HENS ¥ ~ 
— mE OOMO ARM ed ate HUY DOH Ot weet yf A A 
QD ~KEMND MKswKe~K~ $$ MOTH | COKEO YRS ~ 
He wet ON TNA O MR HHON DODAQ Hen f|— > 
© MQaNOSO +N MF FRKRKHK FETONYMRKK—Ph— KN AND mms+ 
SF KKH NSM MHULAMD —CHOH CONAEONGEOOD Ost Htetm 
© oNMOH# + NL ewe Pe KEM OCQOw wren Qi # WAQAOOS 
WN OF O@M— HH OX KH KDE oF KOMNDHIKKOMN eo% DHHZZO 
+ Nett#O WW + XK CeO OMFS KHHDODHEKNANSR EFENCKDDZS® 
WM PF Odtewmest DN Ht Ce Re EQANO Wem ow fF COrinNet POOKWU > 


ROSH SRNS Herm COMteiead bs QROM OOH Bom 00 VQO~wwHLL 

% 4% CIO 10 Ct SOMO DOIN ow me EKMOHO ! oH MK OOWWN QS 
<eDOK—KHF Oe~w~k NS ¢+¢ On FOS #0 KOanwF# OWD Damme 

42K ONMOODe OWRD K“NEWH —KHEDOON HY 2 O> BEANO =&— 
~EOFSKEKOMDHENOS MOH ow © OX MOH ew KINA I RrROON N 
Demet © eDOGFORMwK so HK HENODS HHOKVO KV Kre~wn-Aaaza- — 
—F 0f% OOO tet HE DMOEA CHINN DOO aAOt HOM LOUDD> 
NQDNHOBRSTONMD bh HHH CODOHMGM MAU Pres KWL fi 1 

%H wwe ORMOND He OD > ow KC Come TOF NS O+ OF OOP} NOD SPewne = 
CHHBENAMARM MY NDE NOON SEP ALMMOMOS Wm WANE WW tdN HZ 
OH NK HOU WNUO Ws t— HE USC UNS UE HN CRORE OMOHNMOS Me oe 

OM em Qm OP HQ OSH O —DHa- HEM 0H MOVOKALKNOVOOVU0O” +> 
OOOO wt tN ae OU Dewi ON EMO BEM SFOUM MOP UF COON GZZZZZLALeR LEO 
+ Nw ewe ow Ow ete Qe we EO Om ww WI FOO WHIM DDD DD WW st 
Se aa a RR a ai a 
=A} ed of —~ FN HSN etN tol AN af 


116 


SUBROUTINE OUTP(X,Y,DERY, I HLF yNDIM, PRMT ) 


Om 


‘ 

—Y Ne 

_ mmr ond 
V) z bm we 
Uy ome (/) onl 
qi)~0. Ow 


=< WW N & 
Odea Ft —— 
Mb Wb m© 
wr <r OQ NO 
Ke Ie oom 
“Mk thu > Geer 
TI wu Or 
Wan 2 CO Ale 
— > Zz — 

mY <f mao 
Lj om pent LL oO 
LOwMO ~~ 
p= we Oe St On 
_> = Orl 
Lik awd -i oe 


2. OW > oo 
© poe Pm mer al od 
bn Oo wxrer LL) w= 


2 bh ah 

OZ WN _) 

om KIN) — > 

i - i a) n= 

— mm FF af Ot 

Niet OE > 

e {wZO > N 

mb A a ew.) 

Zhe >t m= 

mare WD Os 

NiWee— OW OO 

i) Mena et etme 

eatAew. Cl wa 

zO 

mi RLY em et 

>> We LO UW LU om ee 

LOOT T2Zicad 

NOCH We sOO e 

SN Ww We eee 

eWUNINY TDi O© 

Sree HOO IL 

wheel WO < ew 

CQ am O UL. 00 me om) 

mt LLU) DOOW 

ah Jes YO ao 

OXD<ax<> wd ea ome 

om om OQ—m SF elU<l~-O 
© HN 22 mOTWKVE ~ 
ag -« = WOO xOrxe ~Yye — ©O et Fe 
oF 0 x >> ZOZ>ain Zane SO *Oed om es 
~O— I il How it me we OZR O Ort —~ CO Nee etm 
mt ed NJ om = emo am be Ome) et tm eee pn VO tO I] aur tt > 
ON~ iNDZOPrOl DROP WEHE YOON EK + wt lm tt Ee ae 
H+Z>-OWK wh Kwww OQ QamT OmSNKe TE lo meme 868110 
wad LL ee pe be bee Sp be CE RK QOWIW KOZ SM HO ete et MPO Om 
qiw TEEPE ZeKO OMqdOW WADE Le WE wthiww — 
WatLOCewWererwZ DCW DE m=MWO YON RH RK LOewOO~ 
COm(9O.0.YCO.0.0 iW AND bh A peeteOieO) oO LL et MBOWUUOIL_UOOLL 

Or~rM FE a | 

ened A OL Pee LL SE ms ond CO) m4 end Ic 
OAWwWdwYy JO HNO WC 


E.0.0).AND.(X-GE.0-5D-01) G0 
9 
F 
Vv 
A 
E 
D 


RMT» X 
¥(2},PRMT(9) 
22523 


Li7 


LIUMsKMeOel,l,SITGMAr Xe FoW, Y,DELY,B,ySByT,ST2CeSCyA) 
(CZ,CT,CTZ,ZINT,ZFIN) 


16 rma mee CD op ond Il me eed I werent |] COT 
mer IO) EE | oO et ete I] OC 


Sa OmOM= OM 
pame gmed come come a) fl D ped bet bm red tet fm md er J SD) 

ae > a ee 
OO ww Tea LOnoodrOOratw2Z 
GOW KOM™=OQUWOOUUVOOURUW 


OOo AM Sw 
— tet mie 


mNMOST LO FD 


INITIAL AND THETA FINAL 


N) 


WOOUW. 
ZOO 


= 
rPOOW 
= LL 


ce 
CEOS 
CO <{ LL 
~er-O 
(De 
Ot x< 
CL mt <f 
a. J 


QOUO 


0)»CZ(20),CT(20) »T (900) ,DOME( 900), TR( 900) , THE 


A 
( 
20)21,21,22 


p< OOD fe Pm 2 INO 
IK OU mL | LULA 
—" = SJ RINIPRI SLA © 
OMO PV jf il =A ZO 
— 6 HH COM il HLL I = I 
eed ced ceed ood WI Oe me ee I) Zh 
Of IEQ ei Few ZZ 
ALS LL UL met ee Pd Pd ed OL Lh. LA. CT) me 
a es 


me 
AIG 


LAO mo Of am Ww CD MOANMSIWH 
NN CS a OM CAA mM Mesertrs 


iy 


A',T17s*SOLID ANGLE',T29,'D(THETAD/DZ* ,14 
) D 
4oT19 9 F8e6eT31 oF 7 o4eT4l F301 yT469 F502) 


E FOR VARIOUS VALUES OF Z 
gene» Oeebeiaio te Dy) eta Eto Otrete One Ober tay Phones er ance 


Q. 
© 
a 
O VY) 
see com oo & 
0 + 
— ~ © — © 
Oo 4 — —~ 
© ~ Il ce om LULL. — 
e ~~ = = = Oz e un 
i _- wus uN #20 _ 
~ _ = xcs om aOR a 
-~_ ~~” -— oo f © «- o 
) —_— ww 2 am fh bm alan & i 
Tad —~ Uiernm J ——_— mail /)) mnt ed - 
= ~ INO HO =a Hw se ” 
~ Ww FNS et = Sew NIeE Mh + <I 
~ wa me ot eT wb ec & % ol. oS 
~ UO} FO ce Nr One x. 
p< ae oO © WwW OP) LLD be ce CC) mer me <I o 
Zo th OO NTHNONSeOMKN me aX 
mite mw a eee i + COR Oe am i} 
Ne +e Ot HtOm fe eilim ew QHd me Mw ww) & 
me IN mm Ht NOK Oe —OKH CHOOT eo} au zta™ 
ZU MND wes OFM NOOO HM Il Sete Ile Et o™% 
— wewOmllomw sf Zoller he Om Il o-~OXO~ 
PLL NUN ee ee Te Te ZO te be et et pe Om be 
ON mt eee et Oomtt i ile 


ot Nem Or OL ON oS OOO EF me Ol et et tO Fe OD 
wet Wie WOCOreOoOK~K~ Ye tl NOCOO Tew DT erOoOwZz 
ae aS ORM KOMNAOBLOM «MS OSU 
od 
NO WW t= O co Oo © 
aC = 
WO 
WO 


119 


OF 


CTZ(4)*Z**3 + 
Ze*x7 4CTZ(9)*Z**8 +C 


KT*XKD 


za-O~+O 
a a | 
RON LN 
br oe HH 
Od If NID 
ZAZONE HO 
SEZ Hm 
UL, om CD el om et OF LL 
Ht 


OM DFOxti Oo 
tt TWN 


+3 .0*C2(4) FF ¥*¥2 +4.0*C 
)*Fe*5 +7.0*CZ2(8)*F#*6 
0.0*CZ(11 )*¥Fe*9 


ZF) 
A-H,0-2Z) 
2(3)*F 
O*CZ(7 

8 +1 


C 
( 
) 
C 
x 


—OMNO HH Ia 

meme Il MmOwa 

OmwtlikO 00 

ZaAztOeOOrO 

De ee IL 

IDetOOwW Wau 
on hk’? 


120 


WOR on 
LN LALA 0 


ad SZ fp on CON AILL © 
Wied Ob © « 
Ot wm Km Ket 

Zhof WD | 
ZmOOw es Hr O 


Ee 
00 


LJ .O 


Cm feb D~— Oe DO eo 


mW) Il I be WW 


ZWO 


bot LUT Or It 
ODIO Se tee eee 


ZO. ZW a we 


aw — 


PEM ENCOUWUOOWW 
Lm Ob i be ELL OOO 


CO IN & 
A= 


Mm-OPTOn Met 


sft UNO 
ODODOODOR—e EP 


~~ tT 
NI uw 
3 ® 
— N 
\ \ 
a x 
or oe 
LL Li} 
m ond 
- P= 
rm OO. 
az we 
Mt Wwv<t 
~> oh 
NO wmO 
OO NO 
o% © 44 
WO mya@ 
New mo 
im t0 


° 8) 
pe FEST AI ZERO) GREATER THAN 32.2 DEGREES',/) 


© 
a eZ eo OwD 
Uses Wied eof OZ 
ON 1HORN tt OW ima 
bam f= PNY = fe BS fp b= SE 
sd wed HHO Se CC) 
OuWwOwworoOowz? 
Dm OOOO BU Ur tu 


NO Su OOP 


t21 


WHEN THE DATA 


TION 
D AND VARYING THE 


TO(9),TCM( 100), 


/8H 
3), 


THE AXIAL MAGNETIC FIELD STRENGTH VS Z 


° 
LLJ j= 
CL wom 
<(iL 
CIANID FANIMG FTN INNS 
ON SAOOOOOOOCOCCoOoOo 
Hi igen e ee eeee 
2 = WU US LU WU LL LL WU LL 
WE MH KH DO MANOMOAIOW 
m=OIOMMOAADWOOMNOE” Th 
QZOOSTNHHNOMP Ss OO 
mt = Oe TM OH OMAM NOUS 
LL. OR LN QO CORUM FALIAMAIO O 
LOFMOODONOMM st ONC 
WA. OMONMAANAD OU 
eeee0eee ee 8 @ @ @ 


© 
OLONSSTONDHNNAAM 
Wu { § ( i i i 


~2 
mvt 


ae CO) ct, coins AR ay ng My Sy Ry Aly Ey iy ey Ms 

QD ANNLHOPOKOHNM 

aad od pd =| 

CL) fmm ase ae eee Seer user Se eee ey Se Meee ange Sh See 

= NSO Oe 
a" 


OUO 


122 


VS AXTAL 
2100, 


OO eOATNODOMMNDe4 
Y QOQOOOOOO ed etd HAN 
mMeroeoriiriririr¢rrret)ete 
ee bh UU Lu Ld Ll 
WO i FTOMOMOSONDO 
met || OMIM AOONOM MNS 
YQ OFtHaIOAMODNONO® 
= NODMNMOOMOINT.E 
LTCOAKNOODSTDONMNHOMN 
Lp SOF DOHMOOHOM Mm 
Wo OTODND HOODOO 
OFtreeeeveeeeeee 
CO CONT Na 

( 


i 4 
am b= Lt' 


est Hi tt 
iy GY SE Sy GPa Dy Oe Sey Fy PE Cs 

LON ANMgNOP ORO 
exe] 4 gard] ped) 


Lhd LAL CD emer nee maser tae ese” ter Mea tener Meee Sat See 


we PU UU UU UU LLL 
-u> 


WOOO 


MASS IN AMU. 


PM IS ION 


T MASS IN AMU. 


TENTS GIVE THETA /S Z. 
)e,T=1,7) 


Wm 


ef & & 


~ ASS 
<q oe © & 
-— 0060 Om 
tu © © © Ord 
ke MMOAMAM @ 
Se pnt ond nd ot LOY 
WU UU Lo 
“Y) aaaa0 
> Aaa CO 
oe © & © & 
© oe © @ @ 
a 1 
uJ 
mJ a, a ~ 
© —>— WZ 
<q ody ZAZOCW 
= Q. Sit cnme 
uu! & mer Caner fmt (/) CY” 
ae co OUMNZMND 
-— <I ITIMNM Wi 
z= z=adawr 
uJ amo OQtEOA- 
> am eo e * ths 
—— Ou) QO idee 
Oe WOU. Ni © J wd 
= MAI QAO WUE 
Vr tt Qe eH OOOE 
b= bd omy WYeeweeve 
za ° “We (ee ef we & @ 
UJ om eo WUFOCOCOO 
ab bem Nxt 00 Set HH 
O~ RW & ob eRe 
= ae OF eo 
UL co =ren~ 
UL, me P OC zaeenm 
Wiemer OW WW H ms, 
OnOm SPHwLoen eo 
VUONMer &O O.Osdt-4 
AON HOU HN T 
am Of) ego Hd (DO, ed 
mL ee ee) || Oo 
werk ik UY =r 
O qed owdo- id 
FAT OAZCOT tare 
qede aeCorn 
WWOWOOWOMOCO 
SOW CLO Oe Bu 
te MNOS 
=~ Ui © 
Oo 0 © = 
— = = om 


WO 


o- + “ 

~ % x 

> MR * 

We * H ~ 

a ~o ~ 

-O — om oO 

iw Qa UO —_ 

re + % - 

- LN > + | 

e JO 4 = C34 + 

ewO + = © t 

Oh ml at + I ot 

N o@ 3+ = > 

— we om] 0O-= rm 

~oe O ~— pond ie 

e» > enc? Oy LL. od mes 

UO On pe wr 

aa + x SF WL = 

ww b= S$ ow x + = 

<< WwW ¥ a Oo WO 

=z=Q % + O++ + 

We BIO & © 

— © % ot # © it 

M0 — ~T + | 

° \ Uo) 3% UN +4 wd 

oP el — + 

Oe CD u.© an 

ie + + =i +t 

— ac (CO) om CO) wer See 

-> + 44 UL - 

e J) +- t+ W 

a mw! Odo > 

oud aad x + i GN 

~— ond oO ew * 

<«O tT # -O + 

bk an wwe Tr ~ 

ie as we 3 /- 

- oN + * om ee 

m0 N=~ +o wo 

- te t+ © Aja - 

1 fpmen [lose md + LL. - 

0] ee pj we , s ab W a 

oe © % Or + © 

eon if\ =~ > Te N ONS 

° ZO ma + % t¢ -- 

O_ mm we % oO am we & 

jw e OM DO mr NOOO a 

- qe ee +P — + ow Hh UL) ot omd 

eLZl moO ~ eolL om tx oe o 

NOmMO et ¥en OF-0 Orit 

fm oe ee OL at OOm~— + % Sei 

HDR an N—- OFTU om~am Oo aman 
am ™ee OA] © ~OH ext > rh © 6 
On © &Z=O Oy + md ww we Ht OO 
HNO OC e +f ONO Pre aeOm 
AMP HOU ~% de<## Ooi i 
en p= tt Lin ot FLO + Ud <f 
O~ meer @§ Own QeTe tf Cee 
— > Wet Ot tmkeO Wi 
tL) <f eget = mm Oeion ei = 
a_i MWOZTenniio Fer Fe ji-e 
rms OF SQN NSN we Iihe IT NW jew 
fo aw) OCwovwertniOwd AOnunw wert ZTuw 
LL. OCLANINTé¢ NTO + Oe pee 

PIA ot we! =m 

>] NJ = 

= © od 

= = 


123 


AN 49 OEG. 


TH 
(THL } 


TO 16 


GO 


HAN 36 DEG. 


00548 


LESS T 
(THL)+2 


LO TR ae ee rea 3 1S be as 


+TQO( 
*THETA**6 


<{om @ 
H-ro- 
tine CO OC 
LOeanO 
Rein ee OT 
OX BweD of 
tc+e em etw 
eNom AS COS 
N be Nw ol 
+-~O0d an 
EEE oO 


(F3)*#Z #3 .8CT (G4) 4Z7¥K2 £4.*CT(5)4724*3 +5.*CT(6) 


twetO + 


HEN THETA LIES BETWEEN 36 AND 49 DEGREES. 


Bnew OK OO4F0~— 


Oonm OO FO 1 om! 


3434 
N(THOR)-1.27 


MO <f 


1,D1,DOM 
3 127, OPFS. 24735, 1P3E10.3, 
3 9 


- 
Ge 
© 
t & 
- ra Li 
N + 
& ae, 
48 OO 
-~ zz 
le | ee 
oa = — 
# a) —: 
J = © 
o~ NS ©) WO e® 
- CM * DMOuw 
TO OF ae om A. 
tA K om =. Owo 
omem @..J = “Oa, o 
N tent ~ ent (1) 
~rz ie = Wee 
Oe2erao ~ + oh Ui 
b= oO e ano —_ 
mn | x GC LAL ON et 
~~ OC Of + pt aed a 
=e O.— <—_— rr =—JIWS 
Iore™ rn = eet UOT e 
ENOZTe CO rf ee Whe of 
Cet e m1 Om w— Mtl 


Ome#* &€#IE OOF Tot ~WAN ON! 4 
eee TE KN &—H OKT 0 eo ete 0 O 
ODVHE KLE ~—~MHFDOO Orde & 
OOOH OS mw INU OOOOH 0 DO 
O eH ONV SNK EE Ostet TRAN O 


Oo 
eA eLast LO saOINNOMOCOOXLOLTE eS OCS K EET OL 
ee wCIAAMANSEOTIIO I! Il O~ 
or - eth OUR NOOO OR HIN 0% —ODZNODNTLoewwh 


me et Il It + <a. bm bom bene tee LL 


"oO FT OF O 
RR SENEN EOE Il a Wm We I @ Te eed oo 


= Il whoo tl AOE Em 


tuULecOQodkenkKe =z +TUNOLNONOUO <r agttoTtTruUCTZoO 

SS ee rn NRC ee a ae 
end 

Toon ~~ Oe NM TK ond Ow 

wot =) AM OAM MAM G) UN ont 

a" _ 


OW 


124 


CITITLE( JS) »,J=1,12) 


Wet ai at ope GO) eS LL) 

a ~FrCOK OOD 
SOO ww fe ZZ 
— WOW ene 
rOSZ Lhe Zh be Fe | 
Owouwderoqocoodw2z 
OC ULL EU. CO Bu Cae La 


~ FNO MM HO 
Ww OWOD & Oem 


pond ar EE 


| 


MyOs29LABELyITITLE» 09040, Ooly179y1591 LAST) 


061,60 
CM, 


OWN 
os 


onl 


NO GRAPH REQUESTED.'®) 


wy 
om} 
a 
ais, 
as 


cd 


125 


/ 
910(9),TCM( LOO), 


<r 


RHO=3.536E 


THE AXIAL MAGNETIC FIELD STRENGTH VS Z 


© 
LU 
CL om 
Iu. 

NNO ANAS PINAY 
“pulelelelelelelelolelelelele) 
Ki tir+eeo oe oeoee 
me UU UU Uo 
WE HDOMHNOMONOW 
FMOOMMADOOMNOM TE 
VUSAOIMMAANOrF-E £00 
ted Ser CO gmt FP OOM AL INOW 
LL. ad OO UVO CON SOAWMMNIO DO 
LOFTON DOANOMAMALTOND 
WA. OMD NOD QAO Ow 
© eee evoeveee eee @ @ 
WOE DONS SF SMD ION 
LW ' ' ! ' 7 ' 
am 
ml Nunn nn eee a 


ft LD cme cree ee ey Ie AR Re IR iy FR iy ty 
D ANAPM OP DAOKNM 

aie omtente4 4 
BR oe ee ee a ee ee ee ee ed ee Cee Oe? ts 


a 
onl 


OVO 


126 


VS AXIAL 
-2100, 


) 


a 


OO eOOATNODOMM@O- 
Y OQOOOCK CH HH HIN 
me Tortrin)ettertevpeee 
2 HLL WW 
WOT DOMNDOMOSONDO 
= 1) OPM HO OINOMm MAS 
YW OFAARMODONDNOD 
~~ NODMOOMOAITANS 
Lu. LOADDSLOONNHOO 
Le SP OPr DO HOO HOrM 
We OYTDONTHqHDOOOO 
Owmreevsveeev0e6e0806e 
WUD DDBAIP- NANANSN 

wo ( ' { 


am FL 

eset WH WW WW Wt et 

alt A ae le ee cay So AR, cay AR It ME 

LO UWANMOTNOF-ORKO- 
aed m4 ome i 

ULS UL) (7) war cae tee te ee te ee ee Ce ee” 


oe OL. OU 
OL > 


WOOO 


PM IS ION MASS IN AMU. 


T MASS IN AMU. 
a“ 


»TM 
0.0 


ARGE 
7103 
(2F 1 


™ (S$ T 
READ(5 
103 FORMAT 


C 
C 


VE THETA VS MAGNET CURRENT 


I 
) 


S G 
1,7 


i. 
=. 
Lu 
mw 
i. 
a) 
© 
_— - eee 
Li ~~ ST Sw 
= ee & & 
5 000 Om 
«<{ e® @¢e@e ef 
=. MMMM 
ond ved od mh UL) 
VS) LA LL 
> a0.0.0.0a 
ood od ened md CD 
tw) a oa @ & @ 
ll eo ®&® @ @ @ 
eo run 
za 
<t = ® 
—— We 
| a) ZZLOLW 
=~ q<_fZSum 
eal war ter B47) 
© WO MMAZW 
—) 0] Mi) LU LU OS 
AW <<a oO 
iL *O =ZOAp- 
>= mj e J WO 
ont oy 8) ond and LL 
(5 @ COLL Ok © acd and b= 
= WN MSO OWL 
W? Il VY) o@ A.FAOUO 
pmo =e acl Ge © o @ @ 
ZL a) OW«ceeee 
LW MO O -OCO00°0 
ead om ae! QQ. So mt tent et 
= WiLL #% O. b= bb b= pe 
pant () -— o@ Ore 
LL. bam ad oP 
Lh. ee Ph OF oe CL be 
lim er CSM OFm™ 
OnOm S2erk WOON & 
VUOAIMesm 9G © AUHtHt 
AHAWON HOW #NAT 
ae ON tes HH KINO. eed 
miu eur enw ef) || Om 
See WENN ~~ 
CO qIwvwd@Owueq ire wd 
reOZOZOOZ + ArT 
QOEOGeE f{€CnOkK aX 
WWOWOOWO 1HMOoAaO 
LOCUS ILOCU NOL Su 
- H NOS 
~ © 
Oo oO © =! 
| ~ — 
OO 


OW 
er & 
e de 

oF Zz 
NO=m 
f= wot 
oD 
am w®_e@ © 

On & @ 

anu 

aA OP 


e (moO 
ot ome ear 
CO 
M eon) 
eOM & 
OOH — 
b— TLL om 
BW BEANS 
CO «© 
z2nmOd¢ 
an eof 
HOU = £& 


ern bbe oll HILL 1 


Ow 


127 


Or eeu] 
oO WU-EOs 
SIiwgd m 
NWO 1! © 
NS <e ww 
"Owooda 


O 
NOU + NI Ol > fear 
mtN = 


“ 
© 
ot 


% om O 

ONS O 
I~nmkFX¥mwTe 1 | 
ZUO # F OWS 
OT eO*K Der 
Hm#O ll mR ww 
Oeiang@o Tr 
ree re lee 


1)4#CT (2)*BMAG+4CT (3) *BMAG** 24+CT (4) ©BMAGE*34CT(5)* BMAG**4 


~~ 
oul 
= 


49 DEG. 


EATER THAN 
COTAN(THL ) 


R 
+ 


Os 


WO 


SS THAN 36 DEG. 
L)+2.0548 


wr 


BETWEEN 36 AND 49 DEGREES. 
IS LESS THAN 0.01 CM.') 


eee 1D e* we I 


4 
L 
5 


ow 
{wecOn 
bh See 
EBNiwm Ye ZF 

wWuecQco 
fro b= om ELL. OO 


Foon ~ 
erate re 
ex) 


HEN THETA LIES 


UU 


WO 


+ a 

+ = 

x Fe) 

% <a 

fas) ea 

«<{ e 

= ~~ 

@D o 

¥ © 

ie, o | 

uw Cv) & 

we @ cw 

© oO o 

= = © 

+ UL & 

ea Mm © 

* a. & 

& _ © 

oe o 

<q mw © 

=. et & 

fea) Oe on) 

Ke oe e& G 

—~ WON o 

w- Ze N 

— e ©.0o > = 
© ~ ~ Qu LL o 
-— N + OH. aie) _@ 
i t -~ HO = OQ 
NS ¥. WO Ce amet th) 
% - — = - aa 
it ad -_ mA — VY) 
© a ~ Uh o« * Ly) 
<{ -_ Vv) @M el as = 
= ~~ © err e uJ) GQ 
ca ma > J) e® wo tL) 
+ Ow * YiOok = <I oe 
~ O + el HHO WN OW 

(ty > =z Ow =— Oe ae 
ee a — TA e« e | Qa 
O Weir ~ mee ex et o < 
—- Zie > eee | OO = x 
+ Onmnw a. WHANO oe of Es) 
© OLW — Vi eat ot - Oct om 

<< *A.© —- FF eKls  —- Oa & © 
= &eRWO WO © ro wa AD 7 -—Y © < 
OD ££ I rn AW INA ~~ ye 

% FAN Or + et wh ee WW Zo il e 
-~ O~ Ff = fr Nentr J <r ® 
N EN Ken + ar = (OU @ at Of e 
~w OFm Oo - ec Odeo = DMNuwWw - 
O Fr 10 + AC wEOUW me mb ed = 
KIAkH¢ TE OOF Fat ~N OMFA ee (A Je wy 
$+HReTR— mw ifinm FO e ce Om eO wm nme oe 
=~tuokeeKLYHE ~M#t DOCS Jigs © mma ZOe FT = 
MOOK Of Ramee INOOTdet 20 LO~rKHO AM 
~~ tr OQ IE Ole HINO Odie eth 


eo CIA IMAM * Oct IW I! 


HN) 0 —“OZNOnNTr -—- 
fmm HO I Hl + LO. be om LL 
wood it sd 1010 ON OE Ot ome mee fee SE 
z~— ll i hWOrtt if auow eX 
OOW9 LrW <aetdortryjijicgoO 
ORrMMNGOQOF I IOODOMNe FEHB 

ol ond 

a Ore 
N UN = 
= 


128 


WO wae 


fh AL Wet OW OO OL 


> eww Of 0 OO Ne > 
ZAR ae Oe ie ZS 
ramp LI << OUI <f e o 
OZ em J Ee ZS 
Aw Jet SI 
Owouwfeceoocodw 
QOL) BU OBS 


et FNS FO ato 
W OWD =| OMe 
oad rd od 


QO. bh <T 


OUI Li 
mt (Yd 
Dw 
mers 

=< 


PSIGMA 


™9(9),TCM(100) , 


/ 
5 


/,LABEL/8H 
(9),8013), 


(100),CT 


IBLANK/8H 
(100) ,SLA 


js 


: 
60 


a 


ee hd 


VS 2 


THE AXIAL MAGNETIC FIELO STRENGTH 


‘e 
Li bh 
CC bunt 
<UL 
QIANID ANOS SMW 
NM IDOOOOQDODO0O00090 © 
mol ir¢ ¢ eo &e &e +H OHH + + 
ce mee WU WU 0 Ld A ud) a Ly 
WE Ht DOMeHtiNOMOBANOW 
mMODMMARDOOONNOMr Th 
OQZADIPNHANOKMS SOO 
mt Orth OAD Or NOM 
LL, SOU OD AI FAMMANS O 
WLOSTNODONOMAMLSPOWNM® 
MO OMBDAUMANAID AOU 
© eeeeeeeeee @@ @ @ 
“| a 
LiJ ( | ] 1 


—O 
axe nnnnnnnnnnnnn 


ee! ee a a SS A Oy 
DQ ANMINO-DDOANMS 

a rt eHedr-d 
LJ prem are eer ere tae ae? tae Sa? ee ee? Cae eet Cae Caney 


ee OS See oe 
| 


“OOUW 


129 


S AXIAL 


GAIN) V 
VDST=-2100, 


O eOMFNWnODOMNNDWe4 
YM ODO9O0O000 etetedHia 
mrortinrtrn)etevete 
et WU i Wa ty 
WO ll SOMDAMNMOSY OWNDO 
=e |] OMMN et OONOM- MS 
WD OtaHoO MODNONO® 
—4 NODNHOONOALINTE 
UL rOACnNDODSDONnMHAODO 
Lhe > OF DOHO OHIO Med 
Wo OT OONTHDODVOO + 
OZ -eeeveeeeee ee oth 


UOWO OONE NANA ALO 


xo Pot t § 
am he LN 
—Aat dit tn wn bd nw e 
LO I HANA PIN OM ODNOe4 Il 
aul O=—4 AO 


BLS BS OA) meer me? ae Cee? Naser Cee taree ea? ea tase? tae TT 
Wl YU, UL, WL LL OL LL 
> 


OOOO 


PM IS ION MASS IN AMU. 


T MASS IN AMU. 


WO 


oe & 


= 

oO 

ce 

pb 

o 

> 

WO 

a 

~ 

- Ld 

o @ 

ANU 

Oz 

CC 

oO 

a & 

—_jf = 

<a @ 

=z 0 

Ce 

— & 

(/) = 

-“ 2 

= 

wt) 

MS 

=e — 
eli me 
> CQ OO @ 
a] & eO& 
Te nw) od 
b= CO Wu 
» i ma 
ah oe & 
to © 
eo =m Ss e 
Kean Oo 
—™s“ Oe 
e Ue WL 
a a © 
ath © 
Jd @ WJ e 
mO e Irom 
=H OO b= LL 
oe oO eo & 
= OO BIO 
Com «(4 - © 
mfe Og. Ou 
erZe AL 


eee OVS o& 
me <Te- OO 
e-card oe 


~ A 
ee © om 
0000 
eeee 
MYC ES 
ad rad pa od 
Ud UL LL UU 
Aaa. 
ed =—! &) 
ef @ & 
moe 
aw W 
ZA 
<<_JZ= 
we we et (/) 
NNEWY 
MMW 
UO= TITo.w 
OO =2%Oa. 
a. 
© WO i! 
One NHOWW2 
Ow AOcrWwiwW 
VY & op O. OU 
aA © (je 2 © e 
~ @ eo © © © @ 
NO TOOoOO 
Cet OF etetedex-t 
MW oh 
i -¢ ZF eo 
ao FN 
Oc e ~ 
YSN a™s 


SemLOn & 


ZanoseNe= 
C qe 


el AIC) 


COOwdOMnNaoO 

LOCWwaA Bu. 

u HO N 

Oo oo wea 

— Ord = 
NI 


mete #Ot i 
Os OCF Samu 
etm) ety & 
Aan NAOKI 


OF 


en~2F OL NSN Ode 


O = pm ow @ eqewh) Cd T eT he- 
=) LINER LANN OH mH OF WL 
Lu <f eoteeeet Nm Oneaest TT 
-= AaNOADz+t WoO TeK— Ieee 
OC Mm CON fh me Nee ee 
oO QCOwowese Om OWW Tun 
Su FPOCLNNNT ¢N IO $¢ Ub eves 
mt ond oo 

© N ont 

4 © = 

=i = 


130 


S THAN 36 DEG. 
}#2.0548 


VY) J 


HEN THETA LIES BETWEEN 36 AND 49 DEGREES. 


ZY) wee 


—/) me 
ae = 
Y) 
= <{ 
one al 
oe 
VY) vA 
za & 
<I . © 
UW 0 =i 
~ = a ~ 
~ oO co 
o aa Li. & 
= t 6. © 
e iT} © S 
= = ns © 
W mN & 
o © © 
a ° CO = 
© UB cugod © 
~ = Luu ad 
© ee, zal © 
= Qa ~ 
rd < Aw OQ 
«<I e oo & ie — 
zl -_ tL. od mC] Lil » 
_ “\ tL te Oe il € 
* © ~ -O -— © 
in ¥ b = = ne UW 
VY) ~ — es Wu = e 
uJ onl WO - Ma. wm “ 
«wd . — aod » Ww 
-_ mM —Y) YW e@ ad pe 
VY) — <{ cS MAN Li) oO 
_ WG gat) es - © m UW 
Own 4 Ow ~ <f af 
he Ot — ~ Eu. N OA 
® > —Y) a =O. “~ Oa eo 
€ —m ew <I ba “Qe % wes a. 
= ited aA. e ~ a & +a «eo <{ 
o =. | = b= = AN= tt OO = cL 
wy Conus ic) a e ny > oe en 9 
ms OEM” mo te al & - Oct = 
= %* AO Im * rw —- OW Be © 
~ me OO Wn mo a Oo rae } -—Y @ = 
N = | jee ge CA UNV iN\ am nO = Yr e@ 
® H— OA oo. Vv) - oH + x J Neth Ww Za il ® 
uN O.—= % ae ~- A = rrwn eNO, a ith ® 
ve — ™. +r iH Om ¢+Y = pad ol wee 89 @eO f- WJ of - ® 
~ Ors =-_ eAOO fF e «© qP 28 = DMWM > 
Cc kp J mf TAIT +# (OY 10) ond Zum — mpeg & 
- XH Or OD aH mT NAO Coe mm FO WJ Ya 
- m= wi rT Olm &-IO< 0c 0 an w mOWme mp 
~ OQeK—EMet OWNS we DOOO Sd wi eon mmnAZmoe I$ o& 
e OmeYEOS WE Nkreamne Gi. OOCT asnw LFO~reK<H0O oN 
uw %e—ONVCSH FT On~ daze Odtstst — ha OW ts 
Ueto rmOtM e UAT Z Ace & tH I ONAL O I oO esl 
if Sw FF A<T OH $mHOAM#FOmdujsy Il Om D wks OKO Ow D 


Old ewMEnNOnwTT— Bere Zeer ~~ ZS 


{Oman wtOolil il HME IAs LO pm fam et me ILIKE te fe KT OU err 

ZrO il = il oe de ee eb eel oP ee Se) 

“x Zi Uno BOw~w~Ori il il aU <f— iPad a SIE OD 

OUN0 JI@ rE O2uUTiw a€dtortiay CO OQwouwctrcoocQqowda 

Lb SNM be = a= OO ee Oa Oa a 

Ww f ‘Oat Oe F&F FNO OH wom 

a NC Ht VW OW] =| Oeion 

— el = od aad 
OOW 


131 


APPENDIX V 
ION BEAM OPTICS 

Many good refenenees~~ on the design and use of electro- 
Static and magnetic lenses to focus ion beam already exist and 
are well known by workers in the field. Therefore, only the 
space charge effect and the focusing properties of an einzel lens 
will be discussed. 

Space Charge 

The coulomb interaction among the charged particles in an 
i10n beam causes the beam to spread as it moves away from the 
source. This spreading due to the space charge sets an upper 
limit on the amount of beam that can be transported between two 
apertures. The addition of converging lenses along the path of 
the ion beam will help reduce the space charge spreading and help 
deliver more beam to the target area. 

The maximum current that can be transported a distance x 
starting with a radius va and ending with a radius y, can be 
calculated from the following assumptions: 

(1) The radial current density is constant across any 
beam cross section. 
(2) The current density is zero outside the outer ray. 
(3) The total current is constant. 
(4) The axial velocity of the beam is constant. 
The field E at the surface of the beam can be calculated from 
Gauss! Theorem. Thus 


Spdv = fe ae da 


es 2 


where P = space charge density 
da = surface element 
dv = volume element. 


Now integrating at Yo gives 
is Ax =€ EE 2Tly Ax 
c y 
Since all the flux goes out through a cylindrical surface at 
radius y. Thus 
E = py” /2ye 


» 


2 
The current I through a cross section iy can be found from the 


linear velocity of the ions, ul. Therefore 


Fes 
rMy | = pu 


or 
2 
3) LY 
Now a 2 
qe = m —S = q(oy /2ye ) 
y dt ¢ 


and substituting for 9 and solving gives 


Z 
ot) ar i ue 
Da 2mu Tey? = 


dt 
where 2 
ee qi/mu re = constant. 
Now 
2 2 
i diy dy (x ( dy 
—> — |dt = =—- (2 = ]dt, 
(ey dt 2y dt 
integrating d 2 Z 
at) = Db plod se. (1) 


/ 


io 


The initial radius was ee and at that time all ions were traveling 


parallel to the x axis, thus 


— = 0 giving c = ie log a 


Substituting into equation (1) gives 


gy 


1 
a b(log y/y .)* which is the differential equation 


for ions in the outer ray. To solve this equation let 


1 





= 
su= @ecey~y) ~ 
or Z 
= oe 
y ye : 
Then 3 
cs a s© ds 
ae eee) Pe oat 
giving 57 ae 
b = 2y == 
e dt 
Now t Ss 
b s ds 
———— = =. 
{ 20 { ol dt 
t Oo 
Cc 
or 
S 
b a Ss @ds | 
ay \*"%e) = \ S ae D(s) D(s .) 
O 
, é : 25 
where D(s) is the Dawson function, which has been tabulated ~. But 
toa (x-x)/uy; which 
gives 
x= 
an = Dis). 
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Zu 


oe 
Thus (x-x )/Y, = Gas D(s). 
2qv,% 
Now using a ) and also substituting for b gives 
1 1, 
16 2 
nie yA ae) 
(x-x )/Y = 3/2 a Des). 
Gey") 


Therefore the maximum ion beam current that can travel a distance 
starting at a radius y and ending with a radius y, whose energy 


is qV, for ions having a charge q and mass m is 


y é 2 
ee (aan (2) 


ae 
Cc 





L. 
I = 16me (q/2m) “=v 


For our experimental apparatus 


x-X = 75.9 com 
= 90). 
Me 25 ‘en 
y = 0.25 cm 
5“ = log ey = l and D(s) = 1.2463, giving 
3/2 
B= 538 xu ee 
ae 


where I iS in amps, V is in volts and m is in amu. 

A plot of I vs V is shown in Figure A5-1 for several different 
10ns. 
Einzel Lens 

In order to reduce the space charge spreading electrostatic 
lenses were placed at the source and also about half way between 
the mass analyser and the scattering cell. The three diaphram 


einzel lens shown in Figure A5-2 was chosen for both lenses. 
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Figure A5-2. Einzel Lens Equipotential Lines. 


In this lens the two outer diaphrams are set at ground potential 
and the potential on the inner diaphram is varied to give the 
maximum current at the scattering cell. Since the voltages on 
both sides of the lens are the same the refractive indices are 
equal on both sides and the three diaphrams act as a single lens 
with one focal length. In fact the focal length was found to be 
independent of the applied potential. Chancen investigated this 
lens by ray tracing and found the following empirical formula for 


the focal length 


S tan +8) 
£ R R 
s 6.5 Ss 1,s 
1 + R tan (p) 
where s = lens separation 


a 
ll 


center aperture radius 
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The distance between principal point P and mid-plane M'is given by 


“pe 
Or ———- 
MP 06 Rw 


wher e Ro = outer aperture radius 


thickness of the diaphrams. 
The focal length relation holds as long as T < <5 S- A plot of 
the focal length relation is shown in Figure A5-2. °For the 


lenses used in our apparatus 


S = een 
R = 0.7 cm 
which gives f = 6.3 cm 
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APPENDIX VI 
ELECTRON IMPACT ION SOURCE 

At the beginning of this experiment it was realized that 
several ion sources compatible with the experimental apparatus 
would be required. Therefore some extra effort was put into 
building an electron impact ion source and determining its operating 
characteristics. Although the majority of the data presented in. 
this thesis were obtained using a different ion source it is 
planned to use plasma type ion sources in future measurements and 
a summary of our developmental work is therefore included in this 
appendix. 

In this ion source, shown Sere sie in Figure A6-1, the 
ions are produced by electron bombardment of the gas filling the 
source can. A plasma is formed in the-region between the grid 
and the filament and the ions are extracted axially from it by. 
the application of external electrostatic fields. 

Physical Description 

The ion source consisted of a 5.715 centimeter diameter in- 
verted glass press (see Figure A6-1) made of number 3320 giliaeice 
with four, in line, equally spaced, 1/16 inch diameter pure tung- 
sten rods. The two outer rods support a 15 mil tungsten wire 
helical grid. The two inner rods support a 15 mil tungsten wire 
filament. Both grid and filament are 4.81 centimeters long and 
4.81 centimeters above the flat side of the glass press. In the 
original configuration the glass press became coated with a layer 


of tungsten after a very short period of operation. In order to 


140 


Insulators 


Filament 


Grid 


Can 


Supports 


Lavite Ring 


NN 
VTL TTIW LLY 2 


5X) 


Gas Inlet 


lon Gauge Fitting 


Figure A6-1. 





Deflector Shims 





aN | 





he 
aAPPPVE 


TPR 


‘ 
f 
; 


a) oS 









a ae 







] 
‘ 
> =o’ 


SS 


S 


| aS ae Se eS Ie 
| = 


\y 
Y 


141 










Extraction Aperture 


Tungsten Rods 


Glass Press 


Source F lange 


NN 
Z WAZ 
: = Kovars 


| 2 3 


SCALE INCHES 


Schematic of Electron Impact Source. 


prevent the filament and grid from shorting, the glass press was 
inverted, letting the tungsten support rods sit in the well as 
shown in the figure. With this arrangement no shorting of the 
source elements was experienced. 

Source gases were passed through a liquid nitrogen trap to 
remove water vapor before they entered the source. A precision 
gas metering valve placed in the inlet pipe was used to regulate 
the gas flow into the source. The source pressure was measured 
with a Bayard-Alpert type ion gauge attached to the source by 
means of a 3/4 inch inside diameter "quick-connect" coupling 
attached to the source flange. This arrangement gave positive 
control and accurate measurement of the ion source pressure. 

The source can was made of number 304 stainless steel and 
insulated from its base plate with a 1.27 centimeter by 1.27 
centimeter — Ying. The beam extraction hole was varied in 
size from 0.5 centimeter to 0.1 centimeter. An einzel lens con- 
sisting of three parallel stainless steel plates was attached 
directly in front of the ion source. The holes in the lenses were 
1.4 centimeters in diameter and the lens elements were 1.27 cen- 
timeters apart. These lens dimensions, calculated using the lens 
formulas given in Appendix V, were found to give the highest beam 
currents inside the scattering cell. Two pairs of steering elec- 
trodes are mounted external to the outermost focusing lens to 
assist in beam alignment. 

The ion source is wired as shown in Figure A6-2. The fila- 
ment power is supplied through an isolation transformer which 


allowed the filament and the grid to float on top of the extraction 
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electrode (can) potential. The highest potential is that of the 
grid and is the approximate beam energy. Energy analysis has 
shown the energy spread to be + 4.0 eV about the grid potential, 
however other workers have found the energy spread to be + 0.5 eV. 
A filament current of approximately 11 amps was found to produce 
adequate electron emission of about 100 ma. This corresponds to 
a measured filament temperature of about 3800°K and a filament 
lifetime of over 100 hours. 
Operating Characteristics 

The grid-current/grid-voltage relationship, shown in Figure 


A6-3 for H gas, are characteristic of these of all gases used. 


Z 
The source operating area corresponds to the grid voltages above 
the grid current plateau. Although there is some measurable ion 
beam with a zero grid voltage, there appears to be a minimum grid 


voltage below which there 1s no actual discharge. These minima 


were found to be, for the different gases, 


GAS MIN, GRID VOLTAGE 
H, 70 Volts 
He 90 Volts 
N, 36 Volts 
5 


at a source pressure gauge reading of 3.0 x 10—~ Terr. “Any in- 
crease above these voltages caused a small, 1% at most, decrease 
in total beam intensity. 

The dependence of ion beam intensity on source gas pressure 
is shown in Figures A6-4 and A6-5 for hydrogen and nitrogen re- 


spectively. As can be seen from the figures, the maximum ion 
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Figure A6-3. Electron Impact Source Characteristics. 
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beam intensity occurs at source ion gauge readings between 


3 Torr and 3 x 10°? 


2x 10. Torr. Below this pressure range the 
ion beam intensity is quite small since there was no longer a 
discharge in the source. With the ion source operating properly, 
beam intensities on the order of 3.0 x 107° amps were obtained in 
the scattering cell. 

Theory of Operation 

The discharge in the source is a Townsend discharge, which 
is non-self-sustaining. There are two primary sources of ionizing 
electrons: one is the tungsten cathode which produces electrons 
on thermionic emission, the other is neutral atoms or mole- 
cules from which electrons are liberated in ionizing collisions. 
However, before these 'tsecondary' electrons can ionize in turn 
they must be accelerated by the electric field until they obtain 
a kinetic energy equal to or greater than the ionization potential 
of the neutral gas. The effect of these secondary electrons can 
be seen in Figure A6-3. There the large increase in grid current 
and beam current as the grid voltage is increased from 60 volts 
to 90 volts is explained by the fact that above about 60 volts 
the secondary electrons have enough energy to ionize the neutral 
gas through collisions. 

The beam current is also pressure dependent as is seen in 
Figures A6-4 and A6-5. This peak in the beam current vs pressure 
curve can be explained in the following way. An electron with a 
small energy in an electric field E begins a mean free path, L. 


To be capable of ionizing at its next collision it must gain energy 


from the electric field after traveling a distance d such that 
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qqdE2q ordée : 


where V is the ionization potential of the neutral gas. The 
probability that the electron will travel a distance d without 
a collision is 


Pia? = re 


This is the number of ions produced by an electron in a mean free 
path. Since 1 cm of actual path contains 1/L mean free "ionizing" 
paths, the probability of a free path longer than L per cm of path 
in the field direction is equal to the number of ionizing col- 
lisions per cm of path in the field direction. Therefore the 


number of ions produced by an electron per centimeter is 


-d/L 
@ = P(d)/L = ie / 
L 
ox pil 
te 
L e 


The mean free path depends on the pressure and can be written as 


= = Ap, where A 1s a constant and p is the pressure. Then 
B 
- =P 
Y=p » where B= AV. 


From this expression, the pressure at which a is a maximun, 


making the beam current a maximum, can be found. 


Fie nk ee dp - p az e B/EP dp 
da _ B 
cae) pee 
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At maximum da 


O making (1 - B/E pe = 0. 


E/B 


Thus Pp 


is the pressure at which maximum beam current (ion formation) 
occurs. Notice that this depends on the gas, its ionizing 
potential, and the electric field the electron is in. This 
demonstrates that there should be a maximum in the pressure vs 
beam current data. However, our approach has been too sim- 
plified to allow us to calculate Pi from tabulated values of B. 
For example ionization by photons emitted from the tungsten 
filament has been ignored. However, from the simple model it 
1s seen that in order to obtain the most intense beams, the 
source should be operated at or a little above Pa and with a 
grid voltage at or above that required to produce ionizing 
secondary ions. 
Proton Production 

Since a high intensity proton beam is desirable for the 
study of some of the proposed reactions an attempt was made to 
enhance the proton output of the electron impact ion source by 
introducing water vapor into the discharge as was suggested by 


25 


Dawson and Tickner » The set of reactions 


+ + 
+ 0 = O + 
HH. H, He Hy 
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if actually occuring, would enhance the amount of atomic hydrogen 


+ 


5 


found that the proton output was increased with a corresponding 


and hence the proton output while reducing the H, output. It was 


J + + 
reduction in the H, and H. outputs as water vapor was added to 


2 3 
‘ is ; ; 3 
the discharge. However the total H beam intensity itself de- 
creased by a factor of 100. It was also found that significant 
. : + 7 + . 
changes in the ratio of H to H, and H3 yields occured only after 
the discharge was 20% to 40% water vapor. It was felt that this 


was an unacceptable load on the vacuum pumps and this approach 


was therefore not pursued further. 
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